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INTRODUCTION: THESIS ORGANIZATION 
Gas chromatography (GC) and liquid chromatography (LC) utilizing chiral stationary 
phases are the two most commonly used methods to achieve direct enantiomeric separations 
of chiral compounds, which are of high pharmaceutical interest. The first part of this 
dissertation includes a review of direct separation of enantiomers in gas and liquid 
chromatography, including details of various types of chiral GC and LC stationary phases 
and how enantiomers can be separated chromatographically employing a chiral stationary 
phase. Two following chapters show the application of some chiral stationary phases in 
enantiomeric separations by GC and LC, respectively. Chapter 2 presents the enantiomeric 
separation of a variety of racemic sulfoxides and racemic sulfonate esters on four derivatized 
cyclodextrin chiral stationary phases using GC. The role of the derivatizing group and the 
size of the chiral selector are discussed in terms of enantioselectivity and enantiomer elution 
order. The experiments were done by Jared L. Anderson and me under supervision of Dr. 
Armstrong. I wrote the discussion section and made the tables for the paper. Chapter 3 
demonstrates normal phase enantiomeric separations of 15 racemic analytes using an 
environmentally friendly solvent (ethoxynonafluorobutane) with two macrocyclic 
glycopeptide antibiotic chiral stationary phases and a new polymeric chiral stationary phase 
by LC. Some comparisons have been made regarding the chromatographic parameters, limit 
of detection, and sensitivity between UV and MS detection. This chapter was planned and 
performed experimentally by Meera Desai and me under supervision of Dr. Armstrong. I 
wrote the article with the co-authors. 
Room temperature ionic liquids are a class of ionic, non-molecular solvents. These 
solvents possess negligible vapor pressure, can be custom synthesized to be water-miscible 
or water-immiscible, and are capable of undergoing multiple solvation interactions with other 
molecules. The second part of this dissertation begins with an introduction of synthesis of 
common achiral ionic liquids and the use of this new class of compounds. The subsequent 
two chapters introduce some ways to study the properties of ionic liquids. Chapter 5 shows 
that ionic liquids can be characterized on the basis of their multiple solvation interactions 
using a linear free energy approach. This allows for an understanding of how the cations and 
2 
anions independently affect the types and magnitude of individual solvation interactions. 
This chapter was designed by Dr. Armstrong. I performed all the experiments with Jared L. 
Anderson. I helped to make tables and figures for the paper. Chapter 6 introduces a 
thermodynamic model, which can be used to calculate enthalpies and entropies of solvation, 
and to provide an understanding of ionic liquid-alkane interactions. Dr. Armstrong designed 
the experiments and Dr. Kozak developed the theoretical model. I contributed mostly to the 
experiments and I wrote the experimental section. 
Chiral ionic liquids research has been much more limited and only recently has come to 
the forefront. The last part of this dissertation begins with a review of synthesis and 
applications of chiral ionic liquids. The next two chapters after this review are the two 
applications of chiral ionic liquids. Chapter 8 reports the use of chiral ionic liquids, N,N-
dimethylephedrinium-bis(trifluoromethanesulfon)imidate, as a new class of chiral stationary 
phases in GC. Chapter 9 demonstrates that chiral ionic liquids can be used as "chiral 
induction solvents" in photoisomerization of dibenzobicyclo [2.2.2] octatrienes to achieve up 
to 12% enantiomeric excess. I planned and wrote Chapters 7-9. I performed all the 
experiments in Chapters 8 and 9 under supervision of Dr. Armstrong. Special thanks go to 
Dr. William S. Jenks for his kind discussion and input for the two co-projects (chapter 2 and 
9). 
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PART ONE 
ENANTIOSELECTIVE CHROMATOGRAPHY 
4 
CHAPTER 1 
OVERVIEW: DIRECT SEPARATION OF ENANTIOMERS USING GAS 
AND LIQUID CHROMATOGRAPHY 
1.1. INTRODUCTION 
Chirality has become a major concern of the modern pharmaceutical industry. This 
interest can be attributed largely to a heightened awareness that enantiomers of a racemic 
drug may have different pharmacological activities, as well as different pharmacokinetics and 
pharmacodynamics [1-3]. In other words, different enantiomers of a drug can exhibit widely 
different physiological activity in degree and nature. As a result, the U.S. Food and Drug 
Administration, in 1992, issued guidelines that strongly encourage the development of single 
enantiomers over racemates, especially when both enantiomers are pharmacologically active 
but differ significantly in potency, specificity, or maximum effect. Racemates may still be 
developed as drugs; however, each enantiomer of the drug should be studied separately for 
its pharmacological effect [4], Thus, the separation and identification of enantiomers are 
crucial for drug development and pose great analytical challenges. In the vast array of 
available analytical techniques, enantioselective chromatography is the natural choice to 
resolve such mixtures or chiral molecules. 
Chromatographic enantiomer separations can be carried out either indirectly by using 
chiral derivatizing reagents to form diastereomeric derivatives that can be resolved by achiral 
chromatography or directly by using chiral selectors, which can be incorporated either in the 
stationary phase or the mobile phase. After decades of development, various 
chromatographic chiral stationary phases (CSPs) are now commercially available. Chiral gas 
chromatography (GC) and/or high performance liquid chromatography (HPLC) represent 
popular, advanced, mature, and robust techniques used in laboratories and industries 
worldwide. Both GC and HPLC have proved to be versatile analytical methods for the 
separation of chiral analytes. It is well known that GC is mainly used for volatile racemates 
and its advantages include simplicity, speed, reproducibility, sensitivity, and ease of 
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detection [5, 6]. Capillary gas chromatography, offering high efficiency, is advantageous as 
it allows the baseline separation of enantiomers even if they have low selectivity factors [7-
11], HPLC, on the other hand, is a widely applicable and efficient analytical or preparative 
tool for quick separation and collection of enantiomers [12-17], Its main advantage over GC 
is that the analytes do not have to be volatile. Therefore, HPLC is complementary to GC. 
When coupled with "information rich" detection methods (e.g., photo diode array absorbance 
or mass spectrometry), HPLC can be used to accurately qualify and quantify enantiomers in a 
mixture. This chapter will provide an overview of the different types of chiral selectors 
commonly employed as stationary phases in GC and LC. 
1.2. CHIRAL STATIONARY PHASES FOR GAS CHROMATOGRAPHY 
Gas chromatography is a very important tool in enantiomeric separations. There are 
numerous racemates, which are simply impossible to separate by HPLC. These include 
small, non-aromatic chiral compounds that are frequently used in asymmetric synthesis. The 
development of thermally stable chiral stationary phases is full of challenges. In the 
following content, discussions will be based on four types of GC-CSPs: amino acid analogs, 
chiral metal-ligand complexes, cyclodextrin derivatives, and chiral ionic liquids. 
1.2.1. Amino acid based chiral stationary phases 
In 1966, Gil-Av and co-workers reported the use of /V-trifluoroacetyl (jY-TFA)-L-
isoleucine lauryl ester as a chiral stationary phase in gas liquid chromatography [18]. 50-100 
m glass capillary columns with the coated CSP were used for the separation of N-
trifluoroacetyl-a-amino acid esters [18]. Although only a limited numbers of analytes were 
separated with mainly partial separations, this work demonstrated that, in principle, 
enantiomers could be resolved by an optically active stationary phase with gas 
chromatography. For over twenty years, many groups focused on the development of amino 
acid- or peptide- based CSPs for GC [6, 19-26]. However, most of these early amino acid-
based GC-CSPs showed temperature limitations and bleeding problems. 
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It was not until 1977 that Frank, Nicholson and Bayer produced the first commercially 
viable GC chiral stationary phase, Chirasil-Val™ [6, 24-26], Figure 1.1 illustrates the 
structure of the Chirasil-Val™ chiral stationary phase. It was made by coupling L-valine-
tert-butylamide to a copolymer of dimethylsiloxane and carboxylalkyl-methylsiloxane units 
of appropriate viscosity and average molecular weight. This stationary phase was effective 
for the separation of derivatized amino acids, some amino alcohols, some chiral drugs, and 
metabolites when used in conjunction with open tubular columns [6, 24-26]. 
Chromatographic resolutions of racemic amino acids on this stationary phase were thought to 
result from diastereomeric interactions between the enantiomers and the stationary phase 
through hydrogen bonding. The advantages of this stationary phase are its high thermal 
stability (up to 240°C) and low volatility [6, 24-26]. As a result, mass spectrometry can also 
be used as the detection tool with this CSP [25]. Even today, Chirasil-Val™ is one of the 
better GC-CSPs for the enantiomeric separation of trifluoroacetylated amino acid esters. 
O 
> 
N-H 
-O 
H-N 
~7 
0= 
N-H 
>-x* )=o 
H- N 
Figure 1.1 Structure of Chirasil- Val™ chiral stationary phase [25]. 
1.2.2. Metal-Ligand complex chiral stationary phases 
Another class of chiral selectors, optically active metal complexes, was first introduced 
into GC chiral separations by Schurig. In 1977, he demonstrated the separation of 
enantiomers of 3 -methylcyclopentene by complexation gas chromatography using a 200 m 
capillary column, which was coated with dicarbonylrhodium(l) 3-trifluoroacetyl-(lR)-
camphorate in squalane solution [27]. Successive separation of chiral analytes possessing 
7 
oxygen, nitrogen, and sulfur using manganese (II), cobalt (II), and nickel (II) bis[(3-
heptafluorobutanoyl)-(lR)-camphorate) stationary phases was reported by Schurig and co­
workers [28-31]. These metal complexes could be employed either as chiral-metals 
dissolved in squalane or dimethylpolysiloxane as CSPs [27-31], or Chirasil-Metal™ 
stationary phases by immobilizing the metal complex to a siloxane polymer [32-34], In 
principle, the enantioselectivity relies on differences in 7i-complexation strength between 
each pure enantiomer with the metal complex CSPs. Figure 1.2 shows structures of the 
complexation-type chiral stationary phases. Compared with Chirasil-Val, the metal complex 
CSPs exhibited a much lower temperature range of operation (20°C-120°C), poorer 
efficiency (severe tailing), and insufficient enantioselectivity. These imperfections resulted 
in limited use of this class of CSPs. 
CH3 H3C CH, 
CFG 
Dicarbonylrhodiam(I) J-trifloroacehl-
(lR)-campborate 
R 
R= CF3 ; or CF:CF2CF3 
CH3 
Z CHJ 
R 
M=Ni; Co; Mb 
R= CF3 ; or CF2CF2CF3 
CH, CHJ 
n 
Chirasil-iuckel 
Figure 1.2 Complexation-type chiral stationary phases used in chiral gas chromatography [31, 32, 34]. 
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1.2.3. Derivatized cyclodextrin based chiral stationary phases 
Derivatized cyclodextrin based chiral stationary phases currently dominate the field of 
chiral gas chromatography. Cyclodextrins (CDs) are naturally occurring molecules that can 
be produced by the action of the enzyme cyclodextrin glycosyltransferase (CGT) on starch. 
They are cyclic oligomers of a-(l,4)-linked glucose. Those containing 6, 7 and 8 glucose 
units are called a, p, and y-cyclodextrin, respectively. Figure 1.3 shows the structures of 
these three commercially available cyclodextrins. Initially, cyclodextrins were used as 
mobile phase additives in thin layer chromatography (TLC) to separate isomeric compounds 
[35-38]. Later they were immobilized onto silica gel to form highly effective CSPs in liquid 
chromatography [39-42], Numerous derivatives have been made out of the cyclodextrin 
molecules. 
P-cyclodextrin y-cyclodextrin a-cyclodextrin 
Figure 1.3 Structures of a, [i, y-cyclodextrins. The secondary C-2 and C-3 hydroxyl groups are shown on the 
inside (top rim) of the cyclodextrin molecule whereas the primary C-6 hydroxyl groups are shown at the outside 
[16]. 
Early work by Smolkova-Keulemansova and co-workers [43, 44] and Sybilska and 
colleagues [45] using native cyclodextrins illustrated that cyclodextrins were highly 
selective, formed inclusion complexes with the volatile analytes, and had potential to be used 
as GC-CSPs. However, native cyclodextrins are only suitable for gas-solid chromatography 
due to their high melting points. The use of cyclodextrins in gas-liquid chromatography for 
enantiomeric separations started from late 1980's when Kônig and co-workers successfully 
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introduced some hydrophobic moieties onto the cyclodextrins. These cyclodextrin 
derivatives are liquids at room temperature, which then can be coated directly onto the 
capillary wall. At the same period of time, Schurig and co-workers found that methylated 
cyclodextrins could be dissolved in the traditional achiral polysiloxane GC stationary phase 
and then be coated on the wall of the GC capillary [8, 9, 50]. It was found that the ambient 
temperature liquid cyclodextrin derivatives could separate a greater number of chiral 
molecules with shorter columns compared to the dissolved cyclodextrin chiral stationary 
phases [51]. 
The commonly used derivatized cyclodextrins in chiral gas chromatography differ only 
slightly from each other, but can yield significantly different enantioselectivity for a variety 
of chiral molecules. The cyclodextrin molecule contains 18, 21, or 24 hydroxyl groups for 
a, P, or y-cyclodextrins, respectively (see Figure 1.3). The primary C-6 hydroxyl group is 
the most reactive; while the C-2 and C-3 hydroxyl groups are both secondary hydroxyl 
groups, which have varied reactivities. The C-2 hydroxyl group is more reactive than the C-
3 hydroxyl group (the C-2 hydroxyl group is ~1 pKa unit more acidic than the C-3 hydroxyl 
group). However, it is very difficult to obtain a pure derivative of the reacted cyclodextrin 
[11, 46, 48]. Usually, the derivatized cyclodextrins are a mixture of closely related homologs 
and/or isomers. This fact allows some compounds to be liquids at ambient temperatures [11, 
48]. An exceptional example is pentylated p-cyclodextrin, also referred as heptakis(2,3,6-
tri-O-pentyl)-p-cyclodextrin. When reacted, re-crystallized, and completely purified, this 
derivatized cyclodextrin is a crystalline solid at ambient temperatures [11, 48]. Nonetheless, 
if it is not completely purified (i.e., still composed of closely related homolog isomers), this 
cyclodextrin is a liquid at ambient temperatures [46]. 
The most commonly used cyclodextrin phases include: (2,6-di-0-pentyl-3-trifluoracetyl) 
(TA), (2,6-di-O-methyl) (DM), (2,6-di-0-pentyl-3-butyryl) (BP), (2,6-di-0-pentyl-3-
propionyl) (PN), ((S)-2-hydroxy propyl methyl ether) (PH), (2,6-di-O-pentyl) (DA), and 
(2,3,6-tri-O-methyl) (PM) [52]. Table 1.1 lists some commercially available cyclodextrin 
GC phases along with the types of chiral molecules that they are able to resolve. 
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Table 1.1 List of commercially available gas chromatography chiral stationary phases and types of compounds 
in which optimal enantioselectivity is obtained. 
Maximum Allowable 
Tradename of CD Type of Derivative Types of Compounds Separated 
Operation Temperature 
Isothermal Programmed 
Chiraldex™ A-PH 
a-cyclodextrin, 
permethylated 
hydroxypropyl 
Smaller linear and saturated 
amines, alcohols, carboxylic 
acids, epoxides 
200°C 220°C 
Most structural types of 
Chiraldex™ B-PH 
(3-cyclodextrm, 
permethylated 
hydroxypropyl 
compounds including linear 
and cyclic amines and 
alcohols, carboxylic acids, 
lactones, amino alcohols, 
sugars, bicyclics, epoxides, 
haloalkanes, aromatic and 
cyclic hydrocarbons, and 
more. Very useful for 
hydrocarbons. 
200°C 220°C 
Chiraldex™ G-PH 
y-cyclodextrin, 
permethylated 
hydroxypropyl 
Cyclic and bicyclic diols 
and other larger compounds 
including steroids and 
carbohydrates 
200°C 220°C 
Chiraldex™ A-DA a-cyclodextrin, dialkylated 
Smaller cyclic amines, 
alcohols and epoxides 200°C 220°C 
Chiraldex™ B-DA P-cyclodextrin, dialkylated 
Nitrogen heterocyclics, 
heterocyclics, some 
lactones, aromatic amines, 
sugars, certain amino acid 
derivatives, bicyclics, 
epoxides. 
200°C 220°C 
Chiraldex™ G-DA y-cyclodextrin, dialkylated 
Aromatic amines containing 
2 or more rings, large cyclic 
diols, some heterocyclics, 
multi-ring compounds or 
compounds with bulky 
substituents. 
200°C 220°C 
Chiraldex™ A-TA a-cyclodextrin, 
trifluoroacetylated 
Smaller alcohols, amino 
alcohols, amino alkanes, 
diols. 
180°C 180°C 
Broad range alkyl alcohols, 
halo acid esters, amino 
alkanes, amino acid 
Chiraldex™ B-TA P-cyclodextrin, 
trifluoroacetylated 
derivatives, 
halocycloalkanes, certain 
lactones, diols, alkyl 
halides, furan and pyran 
derivatives. 
180°C 180°C 
Source: Advanced Separations Technologies (ASTEC), http://www.astecusa.com 
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Table 1.1 (continued) List of commercially available gas chromatography chiral stationary phases and types of 
compounds in which optimal enantioselectivity is obtained. 
Tradename of CD Type of Derivative Types of Compounds Separated 
Maximum Allowable 
Operation Temperature 
Isothermal Programmed 
Chiraldex™ G-TA y-cyclodextrin, 
trifluoroacetylated 
>350 pairs chiral alcohols, 
diols, polyols, 
hydrocarbons, lactones, 
amino alcohols, 
halocarboxylic acid esters, 
homologous series, furan, 
pyran derivatives, epoxides, 
glycidyl analogs and 
haloepihydrins. 
180°C 180°C 
Chiraldex™ B-DM P-cyclodextrin, dimethylated 
Aliphatic, olefenic and 
aromatic enantiomers 
230°C 250°C 
Chiraldex™ B-PM P-cyclodextrin, 
permethylated 
Acids, alcohols, barbitals, 
diols, epoxides, esters, 
hydrocarbons, ketones, 
lactones and terpenes. 
230°C 250°C 
Chiraldex™ G-PN y-cyclodextrin, propionylated 
Epoxides, higher alcohols 
>C4, lactones. 200°C 220°C 
Chiraldex™ G-BP y-cyclodextrin, butyrylated 
Amino acids, certain 
primary amines and fur ans. 200°C 220°C 
Source: Advanced Separations Technologies (ASTEC), http://www.astecusa.com 
Besides these coated derivatized cyclodextrin stationary phases, bonded cyclodextrin 
phases were also made by attaching methylated cyclodextrins to polysiloxane or 
incorporating them into a siloxane copolymer. In the early 1990's, Schurig and co-workers 
introduced the permethylated p-cyclodextrin chiral stationary phase in which the 
cyclodextrin was attached via a mono-6-octamethylene spacer to a dimethylpolysiloxane 
backbone [32], as shown in Figure 1.4. By chemically bonding the chiral selector to the 
polysiloxane, high resolution separations were achieved with an extended range of operating 
temperatures (0-220°C). It has been shown that separations could be performed on these 
chiral stationary phases at -20°C [53]. By providing a bonded stationary phase, the capillary 
columns can be utilized in a variety of different separation techniques including chiral 
supercritical fluid chromatography [31], open tubular electro-chromatography, and open 
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tubular liquid chromatography [53]. At about the same time, Armstrong et al. also illustrated 
a method, as shown in Figure 1.5., to bond cyclodextrins to a polysiloxane backbone [51]. 
The advantage of this stationary phase was the high resistance to physical changes. It was 
demonstrated as a new class of bonded phases in capillary electrophoresis, capillary gas 
chromatography, and capillary supercritical fluid chromatography [51]. A comparison of 
different wall-immobilized cyclodextrin phases was carried out by Armstrong and co­
workers [54]. They concluded that although the polymerization/immobilization of the chiral 
stationary phase to the capillary wall results in a more robust stationary phase, the 
enantioselectivity and efficiency can be altered greatly. The bonded phases appeared to be 
more useful in resolving larger, bulkier chiral analytes with high boiling points and good 
hydrogen bonding groups [54]. 
ÇH3 CH3 
O—Si O—Si—O— 
CH3 (CH2) X 
O 
OCH3 OCH3 
Figure 1.4 Bonded-type cyclodextrin chiral stationary phases in which the derivatized cyclodextrin is linked to 
a polysiloxane backbone, resembling pendants hanging from a necklace [32]. 
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OCHJ-CH-CHJ OCHrOKH, 
e CHyOHCHJBr NaOH/DMSO CH^CH-CHRO 
(XMyObCH, CHj^ H-CHj-O-l CM3irCH-CH1 
OCHrCH^Kj P^i.aCMrCH-CHi - r j 
CHtWiH 
OMSO 
CHI-CH 
0) 0D (TO) 
CH, p, ÇH, ™ 
n|H0^i)1^iX3trCHrCHr0 
CH, CHJ CH, 
Ob f»l f1» 
OCBrC^rCHtfMD^-Xi-O-^H 
HiPiCl^ THF, 40*C. 2* host» 
Ol, ÇH, 
CH, CHJ CH, 
(IV) 
Figure 1.5 Reaction of y3-cyclodextrin and organohydrosiloxane copolymer to form bonded cyclodextrin chiral 
stationary phase [51]. 
1.2.4. Chiral ionic liquids as chiral stationary phases 
Recently, Armstrong and co-workers reported the use of chiral ionic liquids as chiral 
stationary phases in gas chromatography for the first time [55]. The N,N-
dimethylephedrinium-bis(trifluoromethanesulfon)imidate ionic liquids exhibited 
enantioselectivities for four different classes of chiral analytes: (1) chiral alcohols (including 
diols), (2) chiral sulfoxides, (3) some chiral epoxides, and (4) acetylated amines. In addition, 
a reversal of enantiomeric elution order was found when enantiomeric versions of the ionic 
liquids were synthesized. This control of elution order of the enantiomers can not be 
achieved with other stationary phases based on natural molecules, simply because only single 
enantiomers of these stationary phases are naturally available. This further adds to the 
advantages of this new class of chiral stationary phases. 
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1.3. CHIRAL STATIONARY PHASES FOR LIQUID CHROMATOGRAPHY 
Liquid chromatography is an important complementary method to gas chromatography 
for enantiomeric separations. Large number of nonvolatile racemates, which cannot be 
separated by GC, can be separated by HPLC. Also, liquid chromatography (especially 
normal-phase HPLC) is of practical importance for preparative enantiomeric separations. In 
the following discussion, the development and different types of chiral stationary phases used 
in liquid chromatography are outlined as: Tt-complex stationary phases, macrocyclic 
stationary phases, and polymeric stationary phases. 
1.3.1. Tt-complex chiral stationary phases 
Pi-complex stationary phases originally were called charge transfer stationary phases. 
Their appearance can be traced back to 1960 when Klemm and Reed reported the optical 
resolution of two racemic compounds by using an aromatic chiral complexing agent as the 
absorbent on silica gel [56]. However, it was until the mid-1970's that Mikes et al. first 
developed Tt-acidic and %-basic chiral stationary phases for HPLC by coating the chiral 
selector on, or bonding the chiral selector to, silica [57-59], These chiral selectors contained 
either a Ti-acid (Figure 1.6 (a)), or Tt-base moiety (Figure 1.6 (b)). If the chiral selector was 
a Ti-acid, the analytes to be resolved must contain a ic-basic fraction or vice versa. As a 
result, the biggest limitation of this class of chiral stationary phases is that the analyte must 
have a complementary ^-system to the stationary phase. Otherwise, derealization of the 
analyte to a corresponding ^-molecule is needed. 
The most recent version of the ^-complex stationary phases contain both Tc-acidic and 
Tt-basic groups, which tend to be more widely applicable than those earlier ^-complex 
stationary phases [60, 61]. Figure 1.6 (c) shows an example of such a stationary phase 
known as Whelk-0 1. 
For the Tt-complex stationary phases, TC-TT interactions between the stationary phases and 
the racemic analytes are the dominant interaction to achieve separation. Other interactions, 
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NO 
Silica NH-C—C— O— N 
NO 
N02 
(b) 
NH— Silica 
(C) 
NO2 
Silica 
N02 
Figure 1.6 Examples of n-.complex stationary phases. Shown are (a) a-(2,4,5,7-tetranitro-9-
fluorenylidenaminooxy) propionic acid (n-acid) [57, 58J, (b) 2,2'-diyl-hydrogen phosphite XL (n-base) [59], 
and (c) 4-(3,5-dinitrobenzamido)-tetrahydrophenanthrene (Whelk-O 1) [60]. 
such as hydrogen bonding, steric repulsion and dipolar interactions, have to take place 
simultaneously to ensure an enantioselective separation. Since tt-tu interactions, hydrogen 
bonding, and dipolar interactions are more prominent in nonpolar solvents, normal-phase 
chromatography often is the choice when using this type of chiral stationary phase. 
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1.3.2. Macrocyclic chiral stationary phases 
This particular group of chiral selectors can be further divided into three main classes: 
crown ethers, cyclodextrins, and antibiotics/glycopeptides. Subsequent discussions will 
cover each one individually, from the perspectives of development, uses and limitations of 
each type of stationary phases. 
1.3.2.1. Crown ether-based chiral stationary phases 
Cram and co-workers first developed chiral crown ether stationary phases for LC [62-64], 
Ions the size of potassium and ammonium tend to form inclusion complexes with 18-crown-
6-polyethers as shown in Figure 1.7 [16]. It is clear that the complexation between 18-
crown-6-polyethers and the ammonium ion functional group of the chiral analyte is the 
dominant interaction for separation. The unique size of this crown ether and the specific 
inclusion mechanism lead to a simple conclusion: the crown ether-type of chiral stationary 
phase works only for primary amine-containing compounds; in the meantime, the mobile 
phase must be acidic to convert the primary amine to ammonium ion form. Also the mobile 
--o. 
N+. 
- - 0 '  
Figure 1.7 Structural diagrams showing interactions between the 18-crown-6-polyethers and a compound 
containing a primary amine functional group [16]. 
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phase should be free of potassium to prevent the competition for inclusion in the crown ether. 
The most commonly used mobile phase for this type of stationary phase is 0.01 M perchloric 
acid solution [65-67], Utilization of other acids either totally negates or greatly diminishes 
the enantiomeric separation. The use of crown ether stationary phases for preparative 
separations is problematic in that evaporating the solvent can produce an explosive mixture 
of perchlorate and organic material. Due to limitations with both the mobile phase and the 
analytes, the crown ether based chiral stationary phases have lost much of their value in the 
commercial market. 
1.3.2.2. Cyclodextrins and cyclodextrin derivatives 
As mentioned in the GC-CSPs section, derivatized cyclodextrins are the main chiral 
selectors in gas-liquid chromatography. They are responsible for more than 95% of all GC 
enantiomeric separations. In liquid chromatography, these stationary phases are vital as well, 
especially in the reversed-phase mode of LC. The ^-cyclodextrin bonded phase was the first 
commercially successful reversed-phase chiral stationary phase [16]. In a short period of 
time, research revealed the retention and chiral recognition mechanism for cyclodextrin 
based stationary phase. Cyclodextrin has a hydrophobic internal cavity and hydrophilic 
exterior rim (Figure 1.3). In aqueous or hydro-organic solutions, nonpolar molecules or 
molecules with nonpolar moieties tend to reside in the cyclodextrin cavity to form inclusion 
complexes. Since the high density of secondary hydroxyl groups at the large opening of the 
mouth acts as an energy barrier for polar molecules to enter the cavity, hydrogen bonding 
predominates [39, 41]. 
Later work involving cyclodextrin chiral stationary phases can be divided into two major 
directions. First, various cyclodextrin derivatives were made, and then immobilized onto 
solid support (mainly silica gel) [68, 69]. Figure 1.8 shows some of the more popular and 
useful derivatized cyclodextrin chiral selectors [70]. These functionalized cyclodextrins 
greatly expand the usefulness of cyclodextrin based stationary phases in that they can resolve 
completely different types of molecules and sometimes provide better enantiomeric 
separation performance. For instance, Figure 1.8 shows that some cyclodextrin derivatives 
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with aromatic functional groups (Cyclobond I RN/or SN, and DMP) can be used as 
Tc-complex chiral stationary phases in the normal-phase mode and an inclusion-type of 
stationary phases in the reversed-phase mode. Second, a different experimental approach 
was discovered to enhance the usefulness of native cyclodextrin stationary phases. As 
aforementioned, chiral separations using cyclodextrin based stationary phases are typically 
run in two modes: the normal phase mode, with typical solvents like hexane/isopropanol, 
ethanol; and the reversed phase mode using methanol/buffer. In 1992, Armstrong and co­
workers found that it is possible to override inclusion complexation by using a nonhydrogen-
bonding, polar organic solvent such as acetonitrile as the main component of the mobile 
phase [71-76], The mobile phase solvent, i.e., acetonitrile, tends to occupy the cyclodextrin 
cavity, which forces the chiral analytes to interact directly with the secondary hydroxyl 
groups across the large 
RO. 
R 
II (S) 
CNHCH-CH2CHCH3 
Cyclobond dm AC RSP DMP 
Figure 1.8 Different derivatives of cyclodextrins that are commercially available as chiral stationary phases 
/w 
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opening of the cyclodextrin toroid or the derivatizing functional groups, such as carbamate, 
actate or hydroxypropyl. Usually, the chiral analytes that can be resolved in the polar 
organic mode contain two hydrogen-bonding groups (one of which should be a or p to the 
chiral center) and a bulky group such as an aromatic ring. Figure 1.9 shows simplified 
schemes illustrating two different enantioselective retention mechanisms for the native 
P-cyclodextrin/propanolol system [76]. Case "A" is the polar-organic mode, where 
acetonitrile occupies the hydrophobic cavity, and the analyte is retained via a combination of 
hydrogen bonding and dipolar interactions at the mouth of the cyclodextrin. Steric 
interactions can also contribute to chiral recognition. In case "B", the reversed phase mode, 
retention is mainly due to hydrophobic inclusion complexation, while enantioselectivity also 
requires hydrogen bonding and steric interactions at the mouth of the cyclodextrin cavity. 
Figure 1.9 Two different enantioselective retention mechanisms for the native /3-cyclodextrin/propanolol system 
The polar organic mode in conjunction with cyclodextrin chiral stationary phases provides 
several advantages, including both practical chiral separation improvements (such as better 
enantioselectivity, higher resolution, and higher column capacity) and a theoretical 
understanding of the chiral recognition mechanism involving cyclodextrins. This 
development has been one of the most significant advances in chiral separation on 
A. Polar organic mode B. Inclusion Complexation 
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cyclodextrin phases in the last two decades [70]. It has since been used with other CSPs as 
well. 
1.3.2.3. Macrocyclic glycopeptide chiral stationary phases 
This type of stationary phases is the newest class of chiral selectors, which was introduced 
by Armstrong for HPLC in 1994 [77-80]. Four subclasses of glycopeptide-based chiral 
stationary phases are currently available: vancomycin, teicoplanin, ristocetin A, teicoplanin 
aglycone [81]. The structures of these four chiral selectors are depicted in Figure 1.10. 
m NH 
HO 
HO 
CH, 
OH CHj 
rV*OH 
'COOH 
HO 
OH 
OH 
no; 
COOH. 
NH 
HO 
OH 
NH 
HO 
NH OH CI 
NH 
OH (3 
NHj 
NH 
HO 
NH 
NH 
OH, 
'OH 
.NH 
,CH 
COOCH, 
HO 
Figure 1.10 Structures of the macrocyclic glycopeptide antibiotics (a) vancomycin, (b) teicoplanin, (c) 
ristocetin A, and (d) teicoplanin aglycone [81 J. 
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Particularly, the teicoplanin-based chiral stationary phase is now the primary choice to 
resolve native, underivatized amino acids. This is not only because it can provide superior 
enantioselectivity for natural or unnatural amino acids over other chiral stationary phases, but 
also and more importantly because it requires only an alcohol-water mobile phase without 
the addition of any buffer. This makes preparative separation easy and practical. 
With over ten years' development, these chiral stationary phases have established 
themselves as valuable tools in chiral separations because of their broad selectivity. 
Meanwhile, they have demonstrated the ability to differentiate small changes in molecular 
structure, which makes them ideal for drug stability and metabolism studies. Unlike most 
other classes of chiral stationary phases, they can be used in all chromatographic modes (e.g., 
normal-phase, reversed- phase as well as polar-organic mode) and often provide different 
enantioselectivities in each. Although each of these four chiral stationary phases has unique 
selectivity characteristics, they have been found to provide complementary separations, 
which allows for improved resolution. As a rule of thumb, if a partial separation is obtained 
on one chiral stationary phase, one can directly go to the related column and obtain a baseline 
separation without even changing the mobile phase composition [81]. 
1.3.3. Polymeric chiral stationary phases 
Polymeric chiral selectors play a key role in HPLC chiral separations. They can be 
classified as three groups: naturally occurring chiral polymers, synthetic chiral polymers and 
hybrid varieties. Although there are many attempts to make synthetic chiral polymers, this 
group of chiral stationary phase only has very limited impact on the LC enantiomeric 
separations to date. The following discussions will be focused on two naturally occurring 
chiral polymers (proteins and carbohydrates) and some newly developed synthetic polymers 
based on chiral diamines. 
1.3.3.1. Proteins 
Proteins are well-known, naturally occurring chiral polymers. Bonded-protein chiral 
stationary phases used to play an essential role in the analytical separations of enantiomers 
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during the 1980s [82-84], They are always used in the reversed-phase mode. Table 1.2 lists 
all protein-based chiral stationary phases which are commercially available [85]. Among 
these five stationary phases, the a,-AGP is the most effective protein stationary phase for use 
in the pharmaceutical industry in that it can quickly resolve various amine containing 
compounds. 
The protein chiral selectors are large (molecular weight about 40,000-70,000 Dalton) 
hence only small numbers of chiral selectors can be loaded onto the stationary phase support. 
Therefore protein LC columns have the lowest capacity of any chiral stationary phases. In 
other words, they are most easily overloaded, and therefore are not suitable for preparative 
separations. Furthermore, they are the most labile class of chiral stationary phases. Proteins 
can be denatured under moderate to severe conditions. Changes in chromatographic 
separation conditions (such as temperature and mobile phase composition) can lead to 
alteration in the secondary and/or tertiary structure of the protein stationary phases, which 
inevitably result in a loss in enantioselectivity. In addition to these limitations, the fast 
development of new classes of chiral stationary phases in 1990s is another factor that is 
responsible for the decline in importance of the protein-based chiral stationary phases. Most 
of the analytes that can be separated by the protein-based stationary phases can be also 
resolved by other classes of LC chiral stationary phases. 
Table 1.2 Protein-based chiral stationary phases that are commercially available 
Protein Abbreviation Representative compounds separated 
Human alpha acid 
glyoprotein 
ai-AGP 
Cyclic and 2° amines containing an 
aromatic group, some acids and neutral 
compounds 
Ovomucoid OV Similar to ai-AGP 
Human serum albumin HSA Aromatic acids and anionic compounds 
Bovine serum albumin BSA Similar to HAS 
Cellobiohydrolase CBH 1° amines and some 2° amines and amides 
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1.3.3.2. Polysaccharide chiral stationary phases 
Polysaccharide stationary phases consist of cellulose or amylose, and their derivatives. 
Cellulose and amylose are among the world's most common naturally occurring chiral 
polymers. Cellulose is a linear macromolecule composed of optically active D-glucose units, 
with its chains arranged on a crystalline fiber structure with helical cavities, while amylose 
differs from cellulose only in the linking structure between the glucose units. The structures 
of underivatized cellulose and amylose are given in Figure 1.11 [86]. Separation of 
enantiomers is effected by their different fit into the lamellar chiral, helical layered structure 
of the polysaccharides. Application of these native polysaccharides without chemical 
modification as chiral phases is limited. However, enantioselectivity can be greatly 
improved for these chiral selectors by derivatizing their hydroxyl groups with aromatic 
moieties through ester or carbamate linkages. 
HO 
OH 
OH 
n 
Cellulose n = 5,000 -10,000 
HC 
HOCH2 
HO 
Amylose n = 1,000 - 6,000 
Figure 1.11 Structures of native cellulose and amylose [86]. 
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Early work on derivatized cellulose based chiral stationary phases was done by German 
chemists in the 1970s [87]. Their CSPs showed modest enantioselectivity [87]. Several 
years later, Okamoto from Japan developed a series of different derivatized cellulose and 
amylose chiral stationary phases, which are useful chiral stationary phases with wide 
applicability [88-91], Although the mechanism of chiral recognition by cellulose esters and 
carbamates is unclear, it is thought that chiral attractive interaction results from the ester and 
urethane linkages. Table 1.3 summarizes the main derivatized polysaccharide phases that are 
currently utilized and commercially available [90, 91]. These chiral stationary phases are not 
attached covalently to the solid support. They are adsorbed on wide-pore silica gel that has 
been silanized. Since these chiral selectors are soluble in many solvents, the selection of 
mobile phase solvents must be exercised with caution. Cellulose and amylose columns have 
good capacity in the normal phase mode, and are often used in preparative-scale separations. 
Some of them can also be used in reversed-phase mode (e.g., Chiralcel OD-R and OJ-R) as 
well as polar organic mode [91]. However, it is worth noting that one should not use the 
same column in both normal-phase and reversed-phase modes. The mobile phase solvent can 
often irreversibly alter the configuration of the chiral polymers, which is considered as the 
key for chiral recognition. 
There are now 14 types of derivatized cellulose and 2 types of derivatized amylose coated 
CSPs commercially available, the most widely useful among all are the 3,5-
dimethylphenylcarbamate derivative of cellulose and amylose which are known as Chiracel 
OD and Chiralpak AD, respectively. They are responsible for more than 80% of all chiral 
separations that can be accomplished on the polysaccharide stationary phases. 
For over a decade, attempts were made by different groups to immobilize polysaccharide 
derivatives onto silica gel [92-100]. However, none of the early versions were successful for 
at least one the following reasons: decreased chiral recognition ability, partial reaction in the 
immobilization step, low stability, and a tedious polymerization process. Recently, Okamoto 
et al. reported the preparation of the immobilized CSPs by polymerizing cellulose derivatives 
possessing vinyl groups with styrene (or 2,3 -dimethylbutadiene) monomers on silica gel 
[101, 102]. These immobilized CSPs have high enantioselectivities and they showed good 
25 
Table 1.3 Polysaccharide chiral stationary phases that are commercially available 
Cellulose Amylose 
Type of derivative Trademark name Compounds separated 
(A) Cellulose ester 
(R=) 
C—^2/)-CH3 Chiralcel OJ 
Compounds with aromatic groups, 
arylmethyl esters, arylmethoxy esters 
-S-O Chiralcel OB 
Compounds with aromatic group, 
carbonyl group, nitro group, sulfinyl 
group, cyano group, a hydroxyl 
group, alkaloids, tropines, amines, 
and ^-blockers 
0 
—C-CH3 Chiralcel OA 
— C - C H — C H — ^  Chiralcel OK 
(B) Cellulose 
carbamate (R=) 
S!rr 
CH3 
Chiralcel OD 
9 " /=\ 
Chiralcel OC 
1 o=
o
 
1 Z
-I
 
o
 
Chiralcel OG 
Compounds with aromatic group 
° ^ 
Chiralcel OF 
(C) Amylose 
derivative (R=) 
-C-N-W 
CH3 
Chiralpak AD 
0  H  H  
—C-N-Ç—<( )> 
CH3 
Chiralpak AS 
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durability in chloroform and THF. Shortly thereafter, Chiralpak LA, the immobilized version 
of Chiralpak AD, was introduced in 2004 [103], Chiracel IB, the second member of this 
immobilized polysaccharide series which has the same nature as Chiracel OD, became 
commercially available in 2005 [103]. 
1.3.3.3. Synthetic polymeric chiral stationary phases 
Chiral stationary phases based on synthetic polymers were developed by Okamoto [82]. 
Both poly(triphenylmethylmethacrylate) and poly(diphenyl-2-pyridylmethylmethacrylate) 
are available as chiral stationary phases coated on wide-pore silica gel. They are 
polymerized in the presence of a chiral catalyst rather than made from chiral monomers [82]. 
Depending on the catalyst used, they form either a right-handed or left-handed helical coil. 
These synthetic polymeric CSPs have not played a significant practical role in chiral LC 
separations due to their limited selectivity and poor stability. 
Recently, Gasparrini et al. described a procedure, illustrated in Figure 1.13, for the 
generation of a new hybrid silica/chiral polymeric material using a radical polymerization 
process that begins directly from the surface of azo-activated silica particles and employs the 
MA^-diacryloyl derivative of (R,R)-1,2-diaminocyclohexane as chiral monomer [104]. This 
is the first example of the application of the grafting form (g-form) approach to the synthesis 
of a chiral stationary phase for HPLC applications. Armstrong and Astec Inc. (NJ, USA) 
commercialized these polymeric (R,R)- or (S,S)-1,2-diaminocyclohexane derivatives based 
chiral stationary phase, known as P-CAP columns in 2004 [105]. When bonded to 5 |im 
porous spherical silica gel, the poly (trans-1,2-cyclohexanediyl-bis acrylamide) based poly-
cyclic amine polymer (P-CAP) stationary phases is proved to be effective chiral stationary 
phases that could be used in the normal-phase mode, polar organic mode and with 
halogenated solvents as mobile phases [105]. Since these are entirely synthetic CSPs, the 
elution order of all enantiomers can be reversed between the (R,R) P- CAP and (S,S) P-CAP 
columns [105]. Because of the high loading of chiral selectors, these columns exhibit very 
high sample capacities, which are extremely useful for preparative and semi-preparative 
enantiomeric separations [105]. 
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DIPEA 
CHCl3/Toluene, 0°C 
toluene OC 
CHCI3 6<fc 
NH Silica 
Gel 
Figure 1.13 The procedure for making the hybrid silica/polymeric chiral material from (R,R)-1,2-
diaminocyclohexane as chiral monomer [104, 105]. 
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1.4. Summary 
This chapter provides an overview of various types of chiral stationary phases used in gas 
and liquid chromatography. The work presented in the following two chapters titled 
"Separation of racemic sulfoxides and sulfinate esters on four derivatized cyclodextrin chiral 
stationary phases using capillary gas chromatography and "Evaluation of 
ethoxynonafluorobutane as a safe and environmentally friendly solvent for chiral normal-
phase LC-atmospheric pressure chemical ionization/electrospray ionization-mass 
spectrometry" illustrates examples of enantiomeric separations of various chiral compounds 
by using GC-FID and NP-HPLC-MS, respectively. Several major chiral stationary phases 
mentioned in this chapter were utilized in these studies. Detailed discussion can be found in 
the next two chapters. 
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CHAPTER 2 
SEPARATION OF RACEMIC SULFOXIDES AND SULFINATE 
ESTERS ON FOUR DERIVATIZED CYCLODEXTRIN CHIRAL 
STATIONARY PHASES USING CAPILLARY GAS 
CHROMATOGRAPHY 
A paper published in Journal of Chromatography A 1 
Jared L. Anderson, Jie Ding, Ryan D. McCulla, William S. Jenks, and Daniel W. Armstrong 
ABSTRACT 
The separation of 17 chiral sulfoxides and eight chiral sulfinate esters by gas chromatography 
(GC) on four derivatized cyclodextrin chiral stationary phases (CSPs) (Chiraldex™ G-TA, 
G-BP, G-PN, B-DM) is presented. Many of these compounds are structural isomers or part of 
a homologous series. Differences in enantioselectivity of the methyl phenyl sulfoxide 
isomers on the derivatized gamma cyclodextrin and the heptakis 2,6-di-0-methyl-(3-
cyclodextrin (i.e. B-DM) CSPs are discussed. Under the conditions of this study, the 
molecular mass cut-off for the GC separation of these compounds was approximately 230. 
Compounds of higher molecular mass were not eluted from the CSPs at reasonable times and 
temperatures, but these higher molecular mass enantiomers can be separated by liquid 
chromatography and capillary electrophoresis. The enantiomeric separation and elution order 
of a sulfinate ester containing two stereogenic centers as well as 15 chiral sulfoxides is 
presented. The G-TA and B-DM CSPs generally gave opposite elution orders for most of the 
compounds studied. 
1 Reprinted from Journal of Chromatography A, 2002, 946, 197-208. Copyright © 2002 with permission from 
Elsevier. 
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2.1. INTRODUCTION 
Gas chromatography (GC) has proven to be a reliable analytical method for the separation 
of chiral analytes. Its advantages include simplicity, speed, reproducibility, sensitivity, and 
ease of detection [1,2]. The high efficiency of capillary gas chromatography is advantageous 
as it allows the baseline separation of enantiomers even if they have low selectivity factors 
[3-7]. The need to obtain chiral sulfoxides of high enantiomeric purity has been a focus of 
recent research [8], 
The first synthesis of chiral sulfoxides was reported in 1926 [9]. Since then, chiral 
sulfoxides have been used as important bioactive compounds [10-14]. Among the bioactive 
sulfoxides of interest is 7V-(2-chloro-5-mcthylthiophenyl)-Af'-(3-methylsulfmylphenyl)-A"-
methylguanidine (CNS 5655). The (+)-enantiomer of CNS 5655 exhibits similar 
neuroprotective characteristics as the racemate whereas the (-)-enantiomer demonstrates 
little neuroprotection [10]. Chiral sulfoxides are also used extensively as intermediates in 
synthetic reactions [15, 16]. For example, enantiomerically pure myoinositol derivatives, 
which have been shown to play a role in cell-cell communication, have been synthesized 
using chiral sulfoxides [12]. Chiral sulfoxides are frequently used in asymmetric synthesis 
[17-20]. Recently, it was demonstrated that chiral 2-(phosphinoamido)phenyl sulfoxides 
serve as efficient chiral ligands in the palladium-catalyzed allylic alkylation [18]. 
The enantiomeric separation of racemic sulfoxides is of analytical and preparative 
interest. The first liquid chromatographic (LC) separation of chiral sulfoxides on a-lactose 
was reported by Farina and co-workers in 1959 [21]. Since then, a number of papers have 
described the resolution of chiral sulfoxides on numerous LC chiral stationary phases (CSPs) 
[22]. Recently, Armstrong and co-workers successfully separated nearly 40 racemic 
sulfoxides and sulfinate esters using derivatized cyclodextrins and macrocyclic antibiotic 
CSPs using both normal and reversed-phase LC [23, 24]. 
The first successful gas chromatographic separation of five chiral sulfoxides on the 
Chirasil-Val stationary phase was described by Bayer et al. in 1985 [25]. However, few 
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papers have demonstrated the resolution of chiral sulfoxides on derivatized cyclodextrin 
CSPs [25, 26] and no papers have described the separation of an extensive collection of 
structurally related chiral sulfoxides and sulfinate esters. 
In the present study, we illustrate the use of derivatized cyclodextrins as CSPs for the 
enantiomeric separation of 17 chiral sulfoxides and eight chiral sulfinate esters. Several of 
the racemates studied are also structural isomers of one another or part of a homologous 
series. One compound, a sulfinate ester, had two stereogenic centers. Circular dichroism 
(CD) and synthesis of enantiomerically enriched standards was also used to identify the 
absolute configuration and the enantiomer elution order of these compounds. Reversal of 
enantioselectivity was observed for most compounds on at least two of the four CSPs used in 
the study. 
2.2. EXPERIMENTAL 
2.2.1. Apparatus 
All GC analyses were performed using a Hewlett-Packard (HP) Model 5890A Series II 
gas chromatograph equipped with a split capillary inlet system and flame ionization detection 
interfaced to a HP 3396 Series II integrator. The injector and detector temperatures were 220 
and 250°C, respectively. Helium was used as the carrier gas with an inlet pressure of 80 kPa, 
linear velocity of 1.6 ml/min, and split ratio of 100:1. Four capillary GC columns were 
obtained from Advanced Separation Technologies, Inc. Astec (Whippany, NJ): Chiraldex™ 
G-TA (2,6-di-0-pentyl-3-trifluoroacetyl-y-cyclodextrin), 30 mx0.25 mm ID.; Chiraldex™ 
G-PN (2,6-di-0-pentyl-3-propionyl-y-cyclodextrin), 20 mx0.25 mm I.D.; Chiraldex™ G-BP 
(2,6-di-0-pentyl-3-butyryl-y-cyclodextrin), 20 mxQ.25 mm I.D.; Chiraldex™ B-DM (di-O-
dimethyl-13-cyclodextrin), 20 mx0.25 mm I.D. Figure 2.1 illustrates the structures of these 
well-known CSPs. 
Proton nuclear magnetic resonance (^H NMR) spectra were recorded using a Varian VXR 
300 MHz instrument. The high-performance liquid chromatography (HPLC) apparatus 
consisted of an inline vacuum degasser, a quaternary pump, an auto sampler, a UV VWD 
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Figure 2.1 Simplified schematics of the four derivatized cyclodextrin CSPs used in this study. (A) G-TA; (B) G-
PN; (C) G-BP; (D) B-DM. Not all derivatized groups are shown in each structure. Note that the pentyl groups 
on A, B, and C are on the 2- and 6-hydroxyls while the 3-hydroxyl groups are esterified (for (A) there are 
trifluoroacetyl groups and for (B) and (C) the ester groups are propionyl and butyryl, respectively). For the B-
DM CSP (D), the 2- and 6-hydroxyls are methylated while the 3-hydroxyls are largely unreacted. It should be 
noted that few derivatized cyclodextrins are pure compounds. They tend to be mixtures of closely related 
homologues and isomers [42], 
detector (1050, Hewlett-Packard, Palo Alto, CA), and an integrator (3395, Hewlett-Packard). 
Chiral LC separations were obtained using the macrocyclic antibiotic Chirobiotic™ 
teicoplanin aglycone (TAG) CSP (Astec, Whippany, NJ) operated in either the reverse phase 
(MeOH/HiO) or normal-phase (Hexane/EtOH) mode, depending on which mode gave the 
best separation of the enantiomers. Fractions collected by reversed-phase HPLC were 
extracted with ether and concentrated by evaporation prior to analysis by GC. All LC 
separations involved injection of approximately 100 pL of concentrated analyte and were 
performed under isocratic conditions with a flow-rate of 1 ml/min and UV detection at 254 
nm. 
Circular dichroism spectra (200-300 nm) were recorded at 25°C using a Jasco J-710 
spectropolarimeter. Single enantiomer fractions collected by HPLC were analyzed directly 
by CD. 
2.2.2. Chemicals and reagents 
Methylene chloride and diethyl ether were purchased from Fisher Scientific (Fair Lawn, 
NJ). (5)-(+)-p-toluenesulfmamide was purchased from Aldrich (St Louis, MO). (S)-(-)-
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ethyl-p-toluenesulfmate was provided by William S. Jenks (Ames, IA). 
Table 2.1 lists the 25 racemic analytes that were studied. Compounds 1, 2, and 5 are 
available commercially. Compounds 3 [27], 4 [28], 24 [29, 30] and 25 [31] were prepared as 
previously described. Compounds 14-20 [32] were prepared by the method of Klunder and 
Sharp less [33]. 
Compounds 6-13 [34-38] were all prepared using the same synthetic method. The parent 
arenethiols were obtained commercially and transformed into the aryl methyl sulfides and 
then oxidized. The following is a general procedure. Sodium methoxide (20 mrnol) was 
placed in a dry 100-ml round bottom flask, and fitted with rubber septum. The flask was 
charged with dry THF (60 ml) under ambient argon. To this was added 16 mmol of the 
arenethiol. After 15 min, 24 mmol of iodomethane was added. When the starting arenethiol 
was consumed, as judged by TLC, the solution was poured into a mixture of saturated 
aqueous sodium bicarbonate (50 ml) and hexane (50 ml). The organic layer was then washed 
twice with water, dried with anhydrous magnesium sulfate, and concentrated. Purification 
with flash chromatography (methylene chloride on silica) yielded the corresponding 
substituted thioanisole. Typical purified isolated yields were 70-80% for the unoptimized 
procedures. Care should be exercised with the arenethiols, which represent a significant 
stench hazard that can be minimized with the liberal use of commercial bleach solutions. 
The thioanisole (7 mmol) was placed in a 250-ml round bottom flask with 80 ml of 
methylene chloride. The solution was cooled to -78°C, and then mCPBA (7 mmol, as the 
commercial mixture with meta-chlorobenzoic acid) dissolved in 40-ml of methylene chloride 
was added dropwise. The reaction was allowed to proceed for 30 min before allowing it to 
warm to room temperature. The solution was then added to saturated aqueous sodium 
bicarbonate. After extractive work-up, the residual organic oil was purified by placing it on 
top of a 7-cm silica plug. Hexane (120 ml) was run through the plug. After the hexane wash, 
100 ml of ethyl acetate was run through the plug and collected. The acetate was removed 
under reduced pressure, giving essentially pure sulfoxide. Isolated yields were typically in 
Table 2.1 Structures and retention data for 18 chiral sulfoxides and seven sulfinate esters on four different cyclodextrin-based GC-CSPs (see the 
experimental for the exact GC conditions). 
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CH3- 150 4.29 5.79 1.35 6.3 515 253 150 5.82 7.74 1.33 6.6 708 485 150 4.76 5.9 1.24 2.7 185 166 110 18.1 18.6 1.03 0.8 1111 642 
CH2=CH- 150 4.36 4.74 1.08 2.8 1174 823 150 6.3 6.74 1.07 2.3 1533 1203 150 5.03 5.33 1.06 1.3 763 517 120 12.1 12.4 1.02 0.4 726 219 
CF3- 140 5.3 5.41 1.02 1.1 2620 2124 130 10.8 11.1 1.03 1.2 1814 1452 120 15 15.6 1.04 0.7 398 278 120 12.9 14.1 1.09 2.9 1309 983 
F- 150 3.39 3.8 1.12 3.7 1128 797 150 4.97 5.52 1.11 3.2 1173 940 150 4.03 4.35 1.08 1.2 330 249 120 11.8 12.5 1.06 1.7 389 299 
CH3- CH3- 150 6.65 7.1 1.07 2 809 535 150 8.19 8.68 1.06 1.9 1021 839 150 7.25 7.61 1.05 0.5 121 121 120 20.2 21.2 1.05 0.9 416 218 
CI- 150 8.27 8.62 1.04 1.4 1067 570 150 12.5 13 1.04 1.8 1915 1649 150 10.7 11.1 1.04 0.6 286 258 120 36.6 39.5 1.08 1.2 276 178 
Br- 150 13.5 13.9 1.03 1.3 1598 771 150 21.3 21.9 1.03 1.3 1703 1483 150 17.2 17.7 1.03 0.5 306 157 120 66.3 71.6 1.08 1.2 196 193 
CH3- 150 6.13 8.79 1.44 6.2 280 166 150 7.66 11 1.44 10 1164 60S 150 6.56 8.66 1.32 3.4 159 150 120 16.9 18.1 1.07 1.4 442 342 
Cl- 150 7.57 12.7 1.68 8.5 357 129 150 11.2 19.4 1.74 20 2045 893 150 9.39 13.8 1.47 6.3 482 188 120 24.5 25.7 1.05 0.9 335 202 
Br- 150 12.2 19.2 1.57 13.1 1795 304 150 18.5 29.3 1.58 15 1942 668 150 15.7 21.7 1.38 5.4 370 200 120 41.8 43.9 1.05 1.2 530 396 
CH3- 150 7.24 8.82 1.22 4.8 741 263 150 9.12 10.3 1.13 3.9 1123 924 150 7.86 8.49 1.08 1.1 203 172 120 18.7 24.5 1.31 7.8 818 705 
CI. 150 6.63 7.84 1.18 3.7 637 214 150 8.98 10.2 1.14 5.1 1690 1453 150 7.41 8.15 1.1 1.8 399 331 120 17.6 20.6 1.17 3.2 454 313 
Br- 150 11.0 12.9 1.17 3.4 396 234 150 15.4 17 1.11 3.9 1381 1178 150 12.6 13.7 1.09 1.7 409 334 120 31.6 37.9 1.2 3.3 347 236 
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CH3(CH2)Z- 110 42.2 45.6 1.08 2.5 641 560 110 56.5 58.8 1.04 1.5 1648 1227 110 44.6 45.9 1.03 1 1440 724 120 20.5 21.9 1.07 3.2 2457 1813 
(CH3)2CH- 110 27 30.2 1.12 4.3 1146 587 110 35.8 37.9 1.06 2.6 2289 1501 110 29.5 31.3 1.06 2.4 1857 1034 90 67.8 69.9 1.03 1.3 2785 1590 
CH3(CH2)3- 110 50.8 53.3 1.05 3 2456 1574 110 92 93.9 1.02 0.8 1780 615 100 43.3 44.2 1.02 0.7 1448 665 120 35.2 36.6 1.04 1.2 906 467 
<CH3)2CHCH2- 110 46.3 47.2 1.02 1 2600 1940 100 111 112 1.01 0.5 2957 1341 100 54.2 58 1.07 0.5 195 22 120 24 24.7 1.03 1.6 3623 2618 
25.3 1.09 0.9 1794 1677 35 1.04 0.9 1957 6560 28.4 1.04 0.8 2994 3455 23.3 
CH3CH2CH(CH3). 120 24.8 26.1 1.6 120 34.5 35.5 1.2 120 28.1 29 1.3 120 22.8 23.3 
27.0 1.03 1.6 1364 841 35.8 1.01 0.7 5347 2537 29.3 1.02 0.5 3588 1938 23.3 
140 5.53 5.75 1.04 1 585 362 130 8.51 9.02 1.06 0.9 294 225 110 23 25.5 1.11 0.9 66 52 90 47.5 50.3 1.06 0.9 227 187 
trans- 150 38.8 
- - -
165 
-
150 49.2 
- -
421 
-
150 45.5 
_ 
- -
1780 
-
155 21.4 22 1.03 0.8 1471 526 
trans- 150 40.1 
- - -
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-
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- -
283 
-
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_ 
- -
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150 27.1 27.9 1.03 1 1152 722 
140 12.3 12.4 1.01 0.7 2430 1455 130 31.3 31.6 1.01 0.8 2810 1918 120 44.3 45.2 1.02 0.9 1925 1390 150 8.26 8.51 1.03 1.4 3203 2368 
180 11.2 12.5 1.12 6.3 1993 1946 180 15.9 17.1 1.08 3.7 1876 1989 180 14.3 15.3 1.07 1.2 291 250 180 8.81 9.78 1.11 4.8 2533 1938 
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the range of 95%. All of these are known compounds and matched previously reported 
spectra when available. 
Compounds 22 and 23 were prepared using the same method [39]. Briefly, 1-hexene or 3-
butenylbenzene was epoxidized with mCPBA. The epoxide was converted to the episulfide 
with KSCN and then oxidized to the episulfoxide with mCPBA. The episulfoxide is 
deprotonated and the resulting sulfenate is trapped with CH3I. 1-Hexenyl methyl sulfoxide: 
NMR (300 MHz, CDC13) 00.90 (3H, t, ,7=7.2 Hz), 1.2-1.4 (4H, m), 2.21 (2H, J= 7.2 Hz), 
2.59 (3H, s), 6.25 (1H, d, .7=15 Hz), 6.45 (1H, dt, .7=15 Hz, ,7=7.2 Hz). Methyl 3-phenyl-l-
(E)-propenyl sulfoxide: 'H NMR (300 MHz, CDC13) 02.59 (3H, s), 2.5-2.6 (2H, m), 2.80 
(2H, t, .7=7.5 Hz), 6.25 (1H, d, .7=15 Hz), 6.51 (1H, dt, .7=15 Hz, .7=6.9 Hz) 7.1-7.2 (3H, m), 
7.2-7.4 (2H, m). 
Electron impact mass spectrometry (EIZMS) was also used to characterize the structures of 
these sulfoxides. 
2.2.3. Elution orders and absolute configuration assignments 
A study of elution order and absolute configuration was conducted on 15 chiral 
sulfoxides. This entailed the collection of enantiomerically enriched fractions by HPLC. 
Circular dichroism (CD) alone usually cannot be used to assign absolute configuration. 
However, Mislow and co-workers found that alkyl aryl sulfoxides exhibit a strong Cotton 
effect in the region below 250 nm [40]. They demonstrated that (S)-(+)-p-toluenesulfmamide 
and (5)-(-)-menthyl-p-toluenesulfmate are adequate standards in assigning absolute 
configuration to sulfinate esters and alkyl aryl sulfoxides. Therefore, a positive Cotton effect 
at 250 nm corresponded to the "R" configuration for all compounds presented in this study. 
Absolute configurations were assigned by matching the retention times of the single known 
configuration enantiomers to the retention times of the enantiomers in the racemate. In cases 
where the enantiomers are partially resolved, spiking the racemate with a single pure 
standard was performed to identify the enantiomer of interest. 
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2.2.4. Calculations 
Void times (tm) were estimated in gas chromatography by injection of methylene chloride. 
Retention factors (k\ ' and k-f) were calculated according to the equation k'=(tr-tm)/tm, 
enantioselectivities (a) according to a=k2'lk\ ' and the resolution factors (Rs) according to 
i?s=1.18x(?2_?i)/(^(o.5)i+^(o.5)2) where t2 and t\ are the retention times of the first and second 
eluted enantiomers and fF(o.5)i and IV(o,5)2 are the peak widths at half height of the 
corresponding peaks. Efficiencies (n\ and nj) were calculated by n=N/L where N is defined 
by N=5.54(tr/(W(o.5))2 and L is the length of the capillary column. 
2.3. RESULTS AND DISCUSSION 
The separation data for the 17 chiral sulfoxides and eight chiral sulfinate esters is 
presented in Table 2.1. These compounds have been divided into five groups based upon 
their structural characteristics and were examined on four different chiral stationary phases. 
2.3.1. Group I (chiral sulfoxides #1-7) 
This group includes two racemic alkyl phenylsulfoxides and five racemic methyl para-
substituted-phenylsulfoxides. The isothermal retention data obtained on (3- and 
y-cyclodextrin stationary phases varied greatly. Identical oven temperatures were used for the 
y-cyclodextrin CSPs in order to evaluate the separation data under identical conditions. 
However, a lower temperature was required for the Chiraldex™ B-DM CSP in order to 
achieve any enantioselectivity. The three derivatized y-cyclodextrin CSPs exhibited similar 
enantioselectivities. The enantiomers of the simplest sulfoxide 1 were baseline resolved in 
less than 15 min on the G-TA CSP. 
Differences in enantioselectivity were observed with the Chiraldex™ B-DM CSP. The 
Chiraldex™ B-DM CSP exhibited only a partial separation of these enantiomers in 24 min. 
In comparing the G-PN and G-BP CSPs, the retention and separation factors were very 
similar. However, it should be pointed out that in all separations, the G-PN CSP exhibited 
higher efficiency and slightly higher resolution compared to the G-BP CSP. 
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A decrease in selectivity was observed on the three y-cyclodextrin CSPs when the Rj-
substituent was changed from methyl to vinyl. It has been shown previously in HPLC that 
enantioselectivity is enhanced when the stereogenic center is sandwiched between two 
7T systems, resulting in a chiral molecule of some rigidity [41]. However, the opposite 
behavior is observed with the sulfoxides evaluated in this GC study. In this case, it appears 
that the additional double bond adjacent to the sulfur stereogenic center decreases the 
enantioselectivity on the y-cyclodextrin CSPs. 
A combination of size and polarity/electronegativity of the para substituent on methyl-
phenyl-sulfoxides 3-7 appears to have an effect on enantioselectivity. For example, 
compound 1 contained an unsubstituted phenyl ring and it had the highest separation factor 
for this series of compounds. However, the opposite situation was encountered with the 
Chiraldex™ B-DM CSP; the compounds that had relatively large /rora-substituents were 
separated with higher selectivity. Therefore, it appears that the B-DM CSP has higher 
selectivity in separating the enantiomers of methyl-phenyl-sulfoxides with bulky, 
electronegative para substituents while the y-cyclodextrin CSPs used in this study generally 
possess greater enantioselectivity for methyl-phenyl-sulfoxides with smaller para 
substituents. 
2.3.2. Group II (chiral sulfoxides #8-13) 
This group includes nine racemic ortho- and meta-substituted methyl-phenyl-sulfoxides. 
Noticeable differences exist between the enantioselectivities on the three y-cyclodextrin 
CSPs and the Chiraldex™ B-DM CSP. The meta-substituted sulfoxides 8, 9, 10 always 
exhibited the best enantioselectivity on the derivatized y-cyclodextrin CSPs, as shown in 
Figure 2.2. The separations on the B-DM CSP produced broad, tailing peaks for the same 
compounds. 
In the case of the Chiraldex™ B-DM CSP, ort/zo-substituted sulfoxides 11, 12, 13 
produced the best separations. Selectivity appears to be influenced by the size and polarity of 
the ortho substituent. Setting selectivity aside and focusing merely on retention, there are 
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Figure 2.2 Chromatogram of compound 8 (meta-methyl-methyl-phenyl sulfoxide) on (A) B-DM; (B) G-BP; 
(C) G-PN; (D) G-TA CSPs; meta-substituted sulfoxides exhibited higher selectivity with y-cyclodextrins, but 
much lower enantioselectivity on the Chiraldex™ B-DM CSP. The elution order reversed on the B-DM 
CSP. 
similarities between the four CSPs. For orZ/zo-substitutcd compounds, the chloro-substituted 
sulfoxide was always retained less than the methyl- and bromo-substituted sulfoxides. 
However, for both para and meta isomers, the methyl-substituted compounds were less 
retained (see compounds 1-10). 
2.3.3. Group III (chiral sulfinate esters #14-20) 
This group includes seven racemic sulfinate esters. Compared to the sulfoxides discussed 
in Groups I and II, the liquid sulfinate esters could be separated at a much lower temperature. 
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The Chiraldex™ G-TA and B-DM columns performed best in separating the compounds of 
this group. Compound 20 presented an interesting case in that it possesses two stereogenic 
centers (i.e. the sulfur and a carbon in the branched alkyl side chain). As shown in Figure 2.3, 
each derivatized y-cyclodextrin CSP resolved the pair of diastereomers and enantiomers. The 
G-TA column, which was 30 m in length, produced the best separation of the four isomers 
with baseline separation of the enantiomers and only a slight overlap of the first two peaks, 
which are diastereomers. The Chiraldex™ G-PN and G-BP CSPs separated all four isomers 
with modest efficiency. The Chiraldex™ B-DM CSP, however, was only able to separate 
three of the four isomers. 
Identification of the enantiomers and diastereomers was carried out by using pure (R)- and 
(5)-2-butanol and synthesizing two compounds with fixed configuration about the 
stereogenic center on the aliphatic chain. These compounds were then subjected to GC 
separation to determine the elution order with respect to the chiral side chain. Each peak from 
the racemate 20 was then collected using HPLC and analyzed by GC and circular dichroism 
to determine elution order and absolute configuration (see Experimental). It was found that 
the elution order for the G-TA, G-PN, and G-BP CSPs was: (R,R), (R,S), (S,R), and (S,S) 
where the first letter refers to the configuration about the sulfur stereogenic center and the 
latter gives configuration about the stereogenic carbon of the alkyl side chain. In the case of 
the Chiraldex™ B-DM, it was observed that the CSP was not able to separate the (S,R) and 
(S,S) diastereomers. 
The Chiraldex™ B-DM CSP exhibited the best selectivity for most sulfinate esters. In the 
case of the derivatized y-cyclodextrins, the G-TA CSP demonstrated superior selectivity for 
most of these separations. The G-PN and G-BP CSPs possessed similar selectivities in nearly 
every case. We attribute this characteristic to the very similar functionality of the 
Chiraldex™ G-PN and G-BP CSPs. Clearly the G-TA is the most distinct of the three 
derivatized y-cyclodextrin CSPs. 
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Figure 2.3 Chromatograms of compound 20 (2-butyl p-toluenesulfinate) illustrating the separation on (A) G-
PN; (B) G-BP; (C) G-TA; (D) B-DM CSPs. Peaks 1 and 2, 3 and 4 are diastereomers and peaks 2 and 3, 1 and 
4 are enantiomers. Elution order and absolute configuration were determined by the collection of 
enantiomerically-enriched fractions by HPLC. Chiraldex™ G-TA exhibited the best selectivity in resolving all 
four peaks whereas B-DM resolved only three peaks. 
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2.3.4. Group IV (chiral sulfoxides #21-23) 
The group IV compounds consist of three sulfoxides with unique structures that do not 
easily fall under one of the previously mentioned groups. These sulfoxides presented an 
interesting case with the y-cyclodextrin CSPs. Sulfoxide 21 was separated by all y-
cyclodextrin CSPs with modest enantioselectivity but lower efficiency. Although the 
retention of 21 is greater with the B-DM CSP, selectivity is nearly the same on all CSPs. 
This shows that retention and chiral selectivity are not necessarily proportional to each other. 
It can be observed in the separations of 22 and 23 that an additional trans double bond 
adjacent to the sulfur stereogenic center not only greatly increases retention but also 
decreases the enantioselectivity. This phenomenon of rigidity near the chiral center 
decreasing enantioselectivity was seen with gamma cyclodextrins in the Group I sulfoxides. 
However, this behavior is not observed with the B-DM CSP. This indicates that the size of 
the cyclodextrin also plays a role in the enantioselectivity and retention of these three 
sulfoxides. 
2.3.5. Group V (chiral sulfoxides #24-25) 
Group V consists of one chiral sulfinate ester and one chiral sulfoxide. Together, these 
compounds approach the molecular mass cut-off of -230 encountered for the GC separation 
of sulfoxides. Higher molecular mass compounds could not be eluted from the CSPs at 
reasonable times and temperatures. The Chiraldex™ B-DM CSP was capable of resolving 
the enantiomers of compound 24 in fewer than 13 min with high efficiency. Sulfoxide 25 was 
easily separated by all CSPs, although at a higher temperature than all other sulfoxides and 
sulfinate esters previously evaluated. In the case of the 30-m G-TA CSP, the separation 
temperature was set at the highest suggested operating temperature of the column. 
Nevertheless, excellent enantioselectivity was obtained on all stationary phases. It may be 
possible to separate slightly higher molecular mass sulfoxides by using short columns, higher 
flow rates, and somewhat higher temperatures. 
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2.3.6. Elution order investigation 
Fifteen of the chiral sulfoxides (Table 2.1) were selected to conduct a study of enantiomer 
elution order. Table 2.2 presents the results of this study. Reversing GC enantioselectivity 
has been previously reported for polar and nonpolar derivatized cyclodextrin CSPs [7]. 
Enantioselective reversals can occur on functionalized cyclodextrin-based CSPs either by 
changing the size of the cyclodextrin or by using a different derivative. Reversal of elution 
order was found for most sulfoxides on at least two of the four columns. All 15 chiral 
sulfoxides always had the same elution order on the G-PN and G-BP columns. Also, in the 
cases of the halogen-substituted methyl-phenyl-sulfoxides, the para- and meta-compounds 
always had the elution order of (R,S) while ortho-substituted compounds were (S,R) on these 
two CSPs. 
Table 2.2 Elution order of enantiomers separated by GC on Chiraldex™ G-TA, G-PN, G-BP, B-DM CSPs. 
Number Structure G-TA G-PN and G-BP B-DM 
5 <R>,® 09, <S> <B,CR) 
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Table 2.2 (continued). Elution order of enantiomers separated by GC on Chiraldex™ G-TA, G-PN, G-BP, B-
DMCSA. 
Sorter Seam# G-TA cSTadcip MM 
as,® 
«.00 
iSl.W 
«CO 
Note that the prefix "G" denotes a derivatized y-cyclodextrin and the prefix "B" denotes a derivatized [5-
cyclodextrin. See Figure 2.1 for CSP structures. 
In every case (Table 2.2) when a change in elution order occurred, it was on either the G-
TA CSP or the B-DM CSP. Throughout this study, it was apparent that the separation trends 
on the B-DM column were different from those of the derivatized y-cyclodextrin CSPs. 
These results on enantiomeric retention order confirm those observations. In addition, it is 
clear that the electronegative trifluoroacetyl substituents on the G-TA column give it a very 
different selectivity than other substituted y-cyclodextrin CSPs. Thus, if one had to choose 
two CSPs that were broadly applicable and often gave the opposite elution order, the 
Chiraldex™ G-TA and B-DM columns would be good choices. 
51 
2.4. CONCLUDING REMARKS 
The Chiraldex™ G-PN and G-BP CSPs exhibited similar selectivity and resolution for 
nearly all of the chiral sulfoxides and sulfinate esters examined in this study. However, 
compared to the G-PN and G-BP CSPs, the G-TA CSP exhibited superior enantioselectivity 
for most sulfoxides and sulfinate esters. The size and polarity/electronegativity of sulfoxide 
substituents appear to affect their enantioselectivity on the derivatized y-cyclodextrin and the 
B-DM CSPs evaluated in this study. The meta-substituted sulfoxides always exhibited the 
best selectivity on the y-cyclodextrin CSPs. The B-DM CSP exhibited the best 
enantioselectivity for most of the sulfinate esters. The B-DM CSP possessed superior 
selectivity in separating the enantiomers of methyl-phenyl-sulfoxides with ortho substituents 
on the phenyl ring. Increased rigidity near the chiral center decreased enantioselectivity in 
y-cyclodextrin-based CSPs but slightly increased enantioselectivity in the B-DM CSP. 
Reversal of enantiomer elution order appears to be a function of both the size of the 
cyclodextrin and the nature of the derivatizing groups. The G-TA and the B-DM CSPs 
usually gave the opposite enantiomeric elution order. 
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CHAPTER 3 
EVALUATION OF ETHOXYNONAFLUOROBUTANE AS A SAFE AND 
ENVIRONMENTALLY FRIENDLY SOLVENT FOR CHIRAL 
NORMAL-PHASE LC-ATMOSPHERIC PRESSURE CHEMICAL 
IONIZATION/ELECTROSPRAYIONIZATION-MASS 
SPECTROMETRY 
A paper published in Journal of Chromatography A 2 
Jie Ding, Meera Desai, and Daniel W. Armstrong 
ABSTRACT 
Coupling normal-phase LC separation methods to atmospheric pressure ionization (API)-
mass spectrometry (MS) for detection can be problematic because of the possible detonation 
hazard and because nonpolar solvents do not support ionization of the analyte. Unlike achiral 
separations, enantiomeric separations can be very sensitive to small changes in the separation 
environment. Thus, completely substituting the main mobile phase component of a normal-
phase LC solvent for an environmentally friendly, nonflammable fluorocarbon-ether as a safe 
and effective solvent must be thoroughly evaluated before it can be recommended for 
enantioselective separations with API-MS detection. Ethoxynonafluorobutane (ENFB) was 
used as a normal-phase solvent for the enantioselective separation of 15 compounds on two 
macrocyclic glycopeptide chiral stationary phases (CSPs) and a new polymeric chiral 
stationary phase. The chromatographic figures of merit were compared between results 
obtained with the ENFB mobile phases and traditional heptane-based mobile phases. In 
addition, the limits of detection (LOD) using the API-MS compatible ENFB were examined, 
as well as flow rate sensitivities and compatibilities with common polar organic modifier. 
ENFB is a safe and effective solvent for enantioselective normal-phase/API-MS analyses. 
2 Reprinted from Journal of Chromatography A, 2005, 1076, 34-43. Copyright © 2005 with permission from 
Elsevier. 
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3.1. INTRODUCTION 
The chiral nature of enormous number of compounds contributes to their bioactivity 
and/or their various pharmaceutical/industrial uses. As a result, the Food and Drug 
Administration (FDA) has implemented policies for analyzing the enantiomers of chiral 
compounds [1], Considerable research effort has been directed towards the optimization and 
validation of new, fast and feasible analytical methods for the determination of the chiral 
compounds of interest present in pharmaceutical formulations or in complex matrices such as 
the biological fluids. The vast majority of existing chiral separation techniques utilize high-
performance liquid chromatography (HPLC) with ultraviolet (UV) detection [2, 3], However, 
the limitations of UV detection, including poor sensitivity for non-UV absorbing compounds 
and lack of specificity, have motivated scientists to pursue other alternatives for 
enantioselective analysis. Mass spectrometry (MS) detection is such a candidate. Higher 
sensitivity, better detection limit and the ability to provide direct molecular weight 
information make mass spectrometry an ideal tool as an "information rich" detection method 
for enantioselective separations. 
Practically, reverse-phase (RP) LC is the dominant separation mode in HPLC-MS 
analysis. This is, at least in part, due to the incompatibility between the usual normal-phase 
(NP) solvents such as %-hexane and «-heptane (Hep), and MS ionization sources, i.e., 
electrospray ionization (ESI) which can pose an explosion hazard [4], Additionally, alkane 
solvents do not readily facilitate the formation of ions from ionization sources such as ESI 
[5], Many enantioselective LC methods rely on bonded or coated chiral stationary phases 
(CSPs) and conventional normal-phase separation systems that utilize w-hexane or «-heptane 
mobile phases to achieve enantioselective separations. To overcome the problem of 
incompatibility between traditional normal-phase LC solvents and MS, a number of studies 
have employed post-column addition of MS-compatible polar organic or aqueous solvents 
[6-8]. Nevertheless, post-column addition can substantially reduce the sensitivity of an assay 
via dilution, which could be detrimental when the sample is limited. Also, massive post-
column dilution can affect chromatographic resolution. Recently, a few reports have 
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appeared which indicate that normal-phase solvents, such as hexane sometimes can be 
coupled with APCI-MS, with caution [9-11]. 
Recently, Kagan proposed the use of ethoxynonafluorobutane (ENFB), an 
environmentally friendly, fluorinated solvent, as an alternative to «-hexane for achiral 
normal-phase LC separations of various compounds, including steroids and benzodiazapines 
[12]. Separations with ENFB were found to be comparable to those where «-hexane was used 
as the main component of the mobile phase. In a follow-up communication, Kagan et al. [13] 
demonstrated the compatibility of ENFB for LC-APCI-MS using the same compounds. As 
expected, the detector response for non-polar compounds was stronger for ENFB mobile 
phases using APCI compared to reversed-phase mobile phase systems using ESI. For polar 
compounds, APCI and ESI ionization efficiencies were comparable [13]. Based on this NP-
HPLC-APCI-MS method, they proposed a novel mass-directed NP preparative HPLC 
approach to auto-purify a wide variety of organic compounds [14]. This provided a practical 
alternative to the most commonly used preparative RP-HPLC approach. 
Only a few examples of enantiomeric separations using normal-phase LC coupled with 
either ESI-MS [6, 7] or APCI-MS [8-14] have been reported in the literature. As mentioned 
previously, post column addition of other MS friendly solvents (e.g., alcohols) was used to 
reduce the explosion hazard in most cases. Macrocyclic glycopeptide based chiral stationary 
phases, teicoplanin [15-18] and vancomycin [19, 20] have been successfully used for the 
enantioselective separation of a variety of chiral compounds. The multi-modal capability of 
these stationary phases has enabled them to seamlessly integrate with LC-MS detection for 
reversed-phase and polar organic mode separations [16, 17, 20]. In addition to these modes, 
they can be used effectively for normal-phase chiral separations. In the following NP-
HPLC-APCI-MS and NP-HPLC-ESI-MS studies, ethoxynonafluorbutane is directly 
substituted for «-heptane, without optimization of the chromatographic parameters, for the 
enantioselective separation of various compounds using macrocyclic glycopeptide stationary 
phases as well as a recently developed polymeric chiral stationary phase [21, 22]. 
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3.2. EXPERIMENTAL 
3.2.1. Reagents and solvents 
All racemic compounds were purchased from Sigma-Aldrich (St. Louis, MO), except 
phensuximide, 3a,4,5,6-tetrahydrosuccinimido-(3,4-b) acenaphthen-10-one that were donated 
by Astec (Whippany, NJ), and phenyl allyl sulfoxide, allyl methyl sulfoxide, 2-
(allylsulfmyl)-ethanol and diphenylmethyl phenyl sulfoxide which were kindly donated by 
Prof. William Jenks of Iowa State University. Ethoxynonafluorobutane was purchased as 
Novec™ Engineered Fluid HFE-7200 from 3M Co. (St. Paul, MN). Its physical properties 
are listed in Table 3.1 [23]. HPLC grade «-heptane, methanol (MeOH) and 2-propanol (IPA) 
were acquired from Fisher (Pittsburgh, PA). Hundred percent pure ethyl alcohol (EtOH) was 
purchased from Apper Alcohol (Shelbyville, KY). All compounds were dissolved in 100% 
IP A and diluted to 100 jug ml™1 prior to injection. 
Table 3.1 Selected propertites of ENFB, n-Hexane and n-Heptane. 
HFE-7200a n-Hexaneb n-Heptaneb 
Formula C4F gOCgHs CH3(CH2)5CH: 
Molecular Wt. 264 86 100 
Boiling point (°C) 76 69 98.5 
Freeze point (°C) -138 -25 -3 
Flash point (°C) None -22 -4 
UV cutoff (nm) 220 191.5 198 
Density (g/ml @ 25°C) 1.43 0.66 0.68 
Vapor Pressure (mm Kg @ 25°C ) 109 151 46 
Viscosity (ops @ 25°C) 0.61 0.48 0.57 
Surface Tension (dynes/cm @ 25°C) 13.6 17.9 19.6 
a Data from manufacturer (see Ref. [19]) 
b Data from http://www.sigmaaldrich.com except surface tension (see Ref. [25]) 
3.2.2. HPLC and MS instrumentation 
A HP 1050 HPLC system (Agilent Technologies, Palo Alto, CA) with a UV VWD 
detector, an auto sampler, and computer controlled Chem-station data processing software 
was used for chromatographic separations employing heptane and ethanol as the mobile 
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phase. UV detection was carried out at 254 nm for all the compounds except for allyl methyl 
sulfoxide and 2-(allylsulfinyl)-ethanol which were detected at 220 nm. 
Two pumps (LC-10AD, Shimadzu, Kyoto, Japan), a Shimadzu mixer and a six-port 
injection valve equipped with a sample loop (5 /xl, Rheodyne, Cotati, CA) coupled to a 
Thermo Finnigan (San Jose, CA) LCQ Advantage API ion-trap mass spectrometer with an 
APCI or ESI ion source was used for NP-HPLC-MS analyses. The entire flow from HPLC 
column was directed to the ion source. The MS was operated in positive ion mode using full 
scan mode first to identify the product ion which then can be monitored by selected ion 
monitoring (SIM) mode for each compound. Nitrogen (Praxair, Danbury, CT) was used as 
both sheath and auxiliary gases. Ultra-high purity helium (Linweld, Lincoln, NE) was used as 
the dampening gas in the ion trap. 
3.2.3. Columns and mobile phases 
Separations were carried out at room temperature on 250 mm x 4.6 mm i.d. Chirobiotic V 
or Chirobiotic T chiral columns from Astec (Whippany, NJ) or the SS-PCAP column 
(developed in-house) [22]. The SS-PCAP (250 mm * 4.6 mm i.d.) is a poly {trans-1,2-
cyclohexanediamine acrylamide) stationary phase having a particle size of 5 gm and was 
obtained from Astec. For UV detection, the mobile phase only consisted of «-heptane and 
ethanol. For MS detection, the normal-phase mobile phase systems contained ENFB with 
ethanol, methanol, or IP A as the organic modifier. Mobile phase flow-rates were 
1.0 ml min-1 unless otherwise noted. 
3.2.4. Ionization and MS acquisition conditions 
The column eluent was introduced directly into the APCI source operated under the 
following set of conditions: corona discharge current, 5.00 /xA; sheath and auxiliary gases 
were 80 and 20 arbs (arbitrary units), respectively; vaporizer temperature, 400 °C; capillary 
temperature, 200 °C. For ESI mode, the operation conditions were: voltage, +4.50 kV; sheath 
and auxiliary gases were 50 and 40 arbs, respectively; capillary temperature, 300 °C. MS 
data were acquired using Xcalibur software Version 3.1 available from Thermo Finnigan. 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Using the MS-compatible normal-phase solvent, ENFB (HFE-7200) 
Novec™ Engineered Fluid HFE-7200 (ENFB) was originally developed by 3 M Co. as a 
cleaning fluid, deposition solvent and heat transfer fluid [23]. HFE-7200 is an azeotropic 
mixture of ethyl nonafluoroisobutyl ether and ethyl nonafluorobutyl ether with similar 
properties (Fig. 3.1). The environmentally friendly properties of this solvent include zero 
ozone depletion potential and a low atmospheric lifetime of 0.77 years [23]. The boiling 
point and solvent strength of HFE-7200 are similar to those of n-hexane [12]. The viscosity 
and UV cutoff are slightly lower for «-hexane. Nevertheless, HFE-7200 has no flashpoint 
and low flammability, which makes it ideal for use with atmospheric pressure ionization 
sources (APCI and ESI) with MS detection. A comparison of the physicochemical properties 
of HFE-7200 (ENFB) with those of «-hexane and «-heptane are given in Table 3.1. 
According to the manufacturer (see Section 3.2.1), it is completely compatible with Teflon, 
Peek, and Tygon tubing [23], allowing its use with most LC systems. However, we found 
that two small parts of our LC system were dissolved and/or damaged by ENFB. They are: 
the degas tubing of the Thermo Finnigan Surveyor LC pump and pressure sensor membrane 
on the Shimadzu LD-10A pump. They are both made from halogen containing polymers. 
These materials should be replaced when using ENFB containing mobile phases. 
F
=
C\ /CFz\ /CH2x_ 
cf2 CF 2 CH2 CF ^CH3 
F3C// xCF2/ ^ VXCH3 
cf3 
ethyl nonafluorobutyl ether ethyl nonafluoroisobutyl ether 
Fig. 3.1 Structure of ENFB (HFE-7200). 
It is well-known that even small, seemingly insignificant changes in the mobile phase can 
adversely affect the selectivity of enantiomeric LC separations [20]. Indeed, changes in 
separation conditions that result in only small changes in routine achiral LC can totally 
negate or greatly diminish some enantiomeric separations. Consequently, the effect of 
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substitution of a fluorocarbon ether solvent (ENFB) for the n-hexane/«-heptane component in 
an enantioselective normal-phase LC separation must be thoroughly evaluated for variety of 
compounds before it can be recommended as a viable alternative mobile phase. The analytes 
used in this study are shown in Fig. 3.2. All compounds were analyzed using the full scan 
mode in order to first pick up the appropriate mlz values for use in the selected ion 
monitoring mode. The [M + H]+ ion was monitored in the SIM mode for each compound 
with the exception of diphenylmethyl phenyl sulfoxide. This particular compound fragments, 
as shown in Fig. 3.2, so that the 167 mlz was monitored. 
The chromatographic separation parameters for «-heptane mobile phases versus ENFB 
substituted mobile phases are listed in Table 3.2. A majority of the compounds tested had 
slightly smaller resolutions (Rs) but similar selectivities (a) when ENFB was substituted for 
«-heptane as the main component of the mobile phase without optimization. Better 
resolutions could be achieved by altering the mobile phase composition. Nonetheless, all 
compounds studied yielded lower peak efficiencies (TV) when ENFB-based mobile phases 
were used with MS detection than when heptane mobile phases were used with UV detection 
(Table 3.2). The possible causes for this include: (a) extra-column band broadening as a 
result of interfacing with the MS detector (which occurs regardless of the mobile phase 
used), and/or (b) the higher viscosity of ENFB which can produce less efficient separations at 
higher flow rates as a result of poorer mass transfer of the analytes. Table 3.2 also shows that 
all the compounds can be detected by APCI-MS, while three of them failed to be detected by 
ESI-MS. This is because that ESI is a softer ionization source than APCI, which sometimes 
limits its use when coupled with a normal-phase LC separation. 
For comparison purposes, the enantiomeric separations of 5 -methyl-5 -phenylhydantoin, 
3a,4,5,6-tetrahydrosuccinimido-(3,4-b)acenaphthen-10-one, and fipronil using ENFB 
contiaing mobile phase (with APCI-MS detection) or «-heptane containing mobile phase 
(with UV detection) are shown in Fig. 3.3. With similar volume ratios of ENFB or «-heptane 
to the modifier (ethanol), the peak shapes and retention times are comparable for the same 
compound regardless of which stationary phase was utilized. The results clearly 
demonstrated that in most cases ENFB can be substituted for «-heptane directly with minimal 
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l. 
phensuximide 
MW = 189 
4-benzyl-2-oxazolidinone 
MW=177 
5-methy 1-5-phenyl hydantoin 
MW= 190 
diphenylmethyl phenyl sulfoxide 
MW= 292 
7. O 
II 
allyl methyl sulfoxide 
MW= 104 
11. 
a,a -dimethyl-P -methylsuccinimide 
MW= 141 
MW= 167 
HO 
O 
II 
2-(allylsulfinyl)-ethanol 
MW= 134 
12. 
oxazepam 
MW= 287 
4. O, 
3a,4,5,6-tetrahydrosuccinimido(3,4b) 
acenaphthen-10-one 
MW= 241 
O 
6- ^ 
phenyl allyl sulfoxide 
MW= 166 
O 
"V--NH 
a-methyl-a-phenylsuccinimide 
MW =189 
l,l'-bi-2-naphthol 
MW=286 
14. F. 
fipronil 
MW= 437 
15. 
-OH M 
NH2 OH 
3,4-dihydroxyphenyl-a-propylacetamide 
MW= 209 
16. V 
NH 
NH 
O 
diaminocyclohexane acrylamide 
MW= 222 
Fig. 3.2 Structures and molecular weights for compounds analyzed. 
Table 3.2 Comparison of chromatographic parameters for heptane versus ethoxynonafluorobutane substituted mobile phases. 
# Compound Name 
Original M.P. Flow 
Rate 
Chromatographic HFE-7200 M.P." Chromatographic HFE-7200 M.P.b Chromatographic 
Parameters Parameters Parameters 
(UV, 254 nm') 
(ml/mi 
n) k'i R N, a (APCI) k", R N, a (ESI) k'. R N, a 
Chirobiotic V 
1 phensuximide 70:30 Hep: EtOH 0.5 2.15 1.56 8500 1.11 95:5 HFE:EtOH 5.47 1.41 1200 1.15 90:10 HFE:EtOH 2.16 1.29 3700 1.13 
2C 5-methyl-5-phenylhydantoin 100 % EtOH 1.5 1.00 2.48 2600 1.61 100 % EtOH 0.88 1.60 600 1.58 N/D 
3 4-benzyl-2-oxazolidinone 70:30 Hep: EtOH 1 2.98 2.55 6500 1.20 70:30 HFE: EtOH 2.18 1.63 1500 1.30 75:25 HFE: EtOH 2.87 2.74 4000 1.27 
4 
3a,4,5,6-tetrahydrosuccinimide(3,4-b) 
acenaphthen-10-one 
75:25 Hep: EtOH 1 5.88 1.50 4500 1.14 75:25 HFE: EtOH 4.63 1.44 2300 1.17 75:25 HFE: EtOH 4.70 1.40 2400 1.15 
5 diphenylmethyl phenyl sulfoxide 90:10 Hep: EtOH 1 2.10 1.28 7400 1.09 90:10 HFE: EtOH 3.86 1.56 2900 1.16 90:10 HFE: EtOH 3.80 1.60 3000 1.14 
Chirobiotic T 
6 phenyl allyl sulfoxide 90:10 Hep: EtOH 1 5.98 1.73 6900 1.11 95:5 HFE:EtOH 8.75 1.22 3400 1.10 90:10 HFE:EtOH 3.58 0.83 1450 1.11 
7 allyl methyl sulfoxide 75:25 Hep: EtOH 1 6.96 1.89 5300 1.13 75:25 HFE: EtOH 5.40 1.44 3600 1.13 75:25 HFE: EtOH 5.30 1.39 3400 1.13 
8 2-(allylsulfinyl)-ethanol 75:25 Hep: EtOH 1 6.81 2.96 5800 1.23 75:25 HFE: EtOH 7.53 1.58 1800 1.17 75:25 HFE: EtOH 7.42 1.55 1600 1.19 
9 a-methyl-a-phenyl succinimide 50:50 Hep: EtOH 1 0.95 1.44 4600 1.25 60:40 HFE: EtOH 1.75 1.60 1900 1.23 60:40 HFE: EtOH 1.77 1.64 1700 1.30 
10° 5-methyl-5-phenylhydantoin 50:50 Hep: EtOH 1 2.65 4.81 1000 3.01 50:50 HFE.EtOH 3.62 4.38 400 2.49 N/D 
11 a,a-dimethyl-/?-methylsuccinimide 70:30 Hep: EtOH 1 1.48 1.18 7800 1.10 95:5 HFE:EtOH 6.00 1.13 4900 1.10 N/D 
SS-P-CAP 
12 oxazepam 50:50 Hep: EtOH 1.5 5.28 3.62 1800 1.51 40:60 HFE: EtOH 5.60 2.24 1600 1.45 40:60 HFE: EtOH 5.50 2.45 800 1.53 
13 1,1'-bi-2-naphthol 50:50 Hep: EtOH 1 5.16 3.00 3300 1.29 50:50 HFE:EtOH 3.29 2.59 2600 1.32 N/D 
14 fipronil 80:20 Hep: EtOH 1 2.32 2.86 4800 1.21 80:20 HFE:EtOH 2.68 1.69 1100 1.25 80:20 HFE:EtOH 2.75 2.47 3500 1.30 
15 3,4-dihydroxyphenyl-a-propylacetamidi 50:50 Hep: EtOH 1 3.73 1.39 2800 1.17 60:40 HFE: EtOH 9.70 1.39 1100 1.24 60:40 HFE: EtOH 9.80 1.30 900 1.22 
16 diaminocyclohexane acrylamide 90:10 Hep: EtOH 1 0.88 2.24 5000 1.32 90:10 HFE: EtOH 2.76 1.62 1400 1.35 90:10 HFE: EtOH 2.65 1.63 1200 1.40 
k'i = (trt0)/t0; N] = 16(t]/wi) ; Rs = 2(t2 - tt) / (wj + w2) ; a =( t2 -10) / (t] -10) where t2 and are the retention times and w2 and W; are the baseline 
peak widths of the second and first peak, respectively, and where t0 is dead time. N/D means not detected. 
a #7 and #8 were detected at 220 nm. 
b all flow rates were 1.0 ml/min for mobile phases containing HFE-7200. 
c Same compound has been used in these two separations under different conditions. 
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effects on chromatographic retention while the other chromatographic parameters can be 
optimized by altering the composition of the mobile phase accordingly. A more detailed 
examination of the effects of substitutions of ENFB for «-heptane in enantioselective normal-
phase LC separations follows. 
ENFB/APCI-MS 
ENFB/APCI-MS ENFB/APCI-MS 
Heptane/UV 
10.4 
IV ^ 
0 5 10 1 5 20 25 30 3 5 40 
Heptane/UV 
14.0 
99 Heptane/UV 
11.6 
5-methyl-5- 3a,4,5,6-tetrahydrosuccinimido- fipronil 
phenylhydantoin (3,4-b) acenaphthen-10-one 
Fig. 3.3 Examples of ENFB-substituted and n-heptane mobile phase chiral separations of selected compounds 
using ENFB with APCI-MS detection (top panel) and n-heptane with UV (254 nm) detection (bottom panel). 
(A) 5-methyl-5-phenylhydantoin enantiomers separated on the Chirobiotic T stationary phase. (B) 3a, 4, 5, 6-
tetrahydrosuccinimido-(3, 4-b) acenaphthene-10-one enantiomers separated on the Chirobiotic V stationary 
phase. (C)fipronil enantiomers separated on the SS-PCAP stationary. 
3.3.2. Limits of detection for APCI-MS and ESI-MS versus UV detection using heptane 
and ENFB containing mobile phases 
The limits of detection (LOD) for two selected compounds using four methods were 
investigated. For MS, the compounds were detected by SIM at their corresponding mlz 
values listed in Table 3.3, whereas compounds #5 and #16 were detected at UV wavelength 
of 254 and 220 nm, respectively. Each compound was injected at concentrations of 0.01, 0.05, 
0.10, 0.50, 1.0, 5.0, 10.0, 50.0 and 100.0 jug/ml. Table 3.3 lists the LOD and linearity for LC-
UV detection under two mobile phase compositions (either heptane or ENFB mobile phases) 
and the for LC-APCI-MS and LC-ESI-MS detection. For diphenylmethyl phenyl sulfoxide, 
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the LOD is similar for both UV and APCI-MS detection but is 20 fold lower for ESI-MS. For 
diaminocyclohexane acrylamide, the LOD is slightly lower for MS over UV detection. And 
ESI-MS has a slightly lower sensitivity but comparable detection limits to APCI-MS. For 
both compounds, the sensitivity (as defined by IUPAC as the slope of the dose response 
curve [24]) is comparable when using UV detection regardless of the choice of mobile phase 
solvent. For MS detection, the sensitivity varies for different compounds when using APCI 
versus ESI. 
The experimental results suggested that APCI-MS offers comparable detection to the 
common UV approach for compounds with strong chromophores, such as diphenylmethyl 
phenyl sulfoxide. For this particular compound, which is particularly easy to thermally 
decompose to ions following the path depicted in Fig. 3.2, ESI-MS provided much better 
detection performance (lower LOD and higher sensitivity) than the other approaches in this 
study (Table 3.3). Furthermore, the low surface tension of ENFB [23] allows facile 
desolvation of ions, which may enhance the ionization efficiencies for the compounds 
analyzed. 
3.3.3. Effect of Flow-rate and Sensitivity for APCI and ESI-MS Detection 
MS detector response is proportional to the total number of ions being detected per unit 
time, making it a mass flow-dependent detector [25]. Therefore, it is possible that flow rate 
can greatly affect both sensitivity and response in MS detection [26-28]. Previously, our 
group reported that ESI-MS sensitivity gained nearly an order of magnitude when the flow 
rate (reversed-phase mode) was decreased from 0.8 to 0.4 ml/min for leucine [20]. To 
evaluate the dependence of sensitivity on flow rate for the new ENFB mobile phase, 
standards of a-methyl-a-phenyl succinimide were separated on the Chirobiotic T using flow 
rates of 1.0 and 0.5 ml min™1. Both APCI-MS and ESI-MS detection were utilized. The 
calibration curves are shown in Fig. 3.4. Peaks 1 and 2 are the first and second eluting 
enantiomers, respectively. The sensitivity at the lower flow rate was slightly less than two­
fold higher than that obtained at higher flow rate for both APCI-MS and ESI-MS. The results 
indicate that in this study, MS detector is rather concentration sensitive than mass 
Table 3.3 Limits of Detection for Selected Compounds 
Compound3 
SIM 
Column : 
LC-UV-Heptane LC-UV-ENFB" LC-APCI-MS LC-ESI-MS 
(m/z) Linearity r2 LODc Linearity f* LODc Linearity f1 LODc Linearity H LODc 
#5 167 V y = 2.1x + 44 0.985 1 ng/ml y = 2.07x + 43 0.986 1 ng/ml y = 3.4E+05X + 1E+6 0.998 1 ng/mi y = 3E+OÔX+1E+06 0.996 50ng/ml 
#16 223 SS-PCAP y=3.85x+100 0.99 1 HQ/ml y=4.1x-3.7 1 1 ng/ml y = 3E+OÔX - 827829 0.999 500 ng/ml y = 2E+OÔX+ 1E+07 0.988 500 ng/ml 
"For each compound, see Figure 3.2 for the name and the strucutre. Separation conditions are listed in Table 3.2 except for #16, UV detection was carried 
out at 220nm. 
6 Separations were done with mobile phase composition of 90%ENFB and 10% EtOH underflow rate of Iml/min. 
c LOD, limit of detection based on signal to noise ratio = 3. 
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flow sensitive. Also, the observed sensitivity difference is insignificant compared to that 
observed previously for reversed-phase separations [20]. Clearly, flow rate has less of an 
impact on sensitivity in the current study than in the reversed-phase study. This is probably 
due to the nature of the solvents used in normal phase separations, evaporation in the 
ionization source is much more efficient compared to the reversed-phase solvents. 
(A) 
Dependence of Sensitivity on Flow Rate for 
a -methyl-a -phenyl succinimide (APCI) 
1.20E+07 
- - - • Peak 2 1.0 ml/min 
8.00E+06 Peak 1 1.0ml/min 
2 4.00E+06 Peak 2 0.5 ml/min 
Peak 1 0 5 ml/min 
0.00E+00 
0.00 1000.00 2000.00 3000.00 
Concentration in gg/ml 
(B) 
Dependence of Sensitivity on Flow Rate for 
a-methyl-a-phenyl succinimide (ESI) 
1.20E+06 
8.00E+05 
<o 4.00E+05 
0.00E+00 
0.00 1000.00 2000.00 3000.00 
concentration in ^ g/mi 
-peak 11.0 ml/min 
• peak 2 1.0 ml/min 
-peak 2 0.5 ml/min 
-peak 1 0.5 ml/min 
Fig. 3.4 Dependence of sensitivity on flow rate for a-methyl-a-phenyl succinimide using the Chirobiotic T 
stationary phase. Peak 1 and peak 2 are the first and second eluting peaks, respectively. (A) APCI-MS 
detection: linearity of peak 1 curve for 0.5 ml min1 flow rate, y = 4526x + 139452, r = 0.986; linearity of peak 
1 curve for 1.0 ml min1 flow rate, y = 2052x +58451, r = 0.999. (B) ESI-MS detection: linearity of peak 1 
curve for 0.5 ml min' flow rate, y = 593x + 20269, r2 = 0.999; linearity ofpeak 1 curve for 1.0 ml min1 flow 
rate, y = 332x -23565, r2 = 0.994. Linearities of peak 2 were similar to those of peak 1 for both flow rates with 
each ionization mode. 
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3.3.4. Effect of Modifier on Chromatographic Parameters 
Since ENFB is completely miscible with a variety of solvents including methanol, ethanol 
and 2-propanol, ENFB containing mobile phases can provide greater flexibility in method 
development compared to conventional normal-phase solvents (i.e., n-hexane and «-heptane). 
However, the type of organic modifier can directly affect the chromatographic parameters of 
chiral separations. Fig. 3.5 shows examples of three compounds separated on different 
stationary phases using ethanol, 2-propanol (IPA), and methanol as the organic modifier, 
respectively. Methanol provided the highest peak efficiencies, but the worst resolutions, for 
the three compounds. In contrast, IPA led to the exact opposite trend, i.e., the lowest 
efficiencies and the highest resolutions. With peak efficiencies over 1400 theoretical plates, 
moderate selectivities, and baseline or near baseline resolutions, the use of ethanol as the 
organic modifier was often the best compromise. 
75:25 ENFB: EtOH (A) 90:10 ENFB: EtOH «» (B) i0>, 
Rs: 1.62 J 
a: 1.25 I j\ J 
Nv 1400 I 
H lUl : 
70:30 ENFB: EtOH 
Rs: 1.42 
a: 1.26 
Nv 1400 ti "i 
2I16 Rs: 158 
| a: 1.17 
Nv 1800 
. _ vIL 
90:10 ENFB: IPA 7 
Rs: 1.80 \\ 
a: 1.54 'ft 
IV % 
70:30 ENFB: IPA A B w 
Rs: 1.51 \\ I 
^ I; 
75:25 ENFB: IPA 
Rs: 1.58 
a: 1.48 
v N,: 280 i\jv 
90:10 ENFB: MeOH 
Rs: 1.37 II 
a: 1.15 i', H 
N,: 2700 ! I 
A / 'VV 
S 34 100 l ,,-'"70:30 ENFB: MeOH 1 Rs: 0.57 1 a: 1.09 
^N,: 1900 
75:25 ENFB: MeOH 
| Rs: 0.40 
!'| a: 1.06 
|\ Nv 1700 
diaminocyclohexane acrylamide 4-benzyl-2-oxazolidinone 2-(allylsulfinyl)-ethanol 
Fig. 3.5 Effect of organic modifier on chromatographic parameters using EtOH (top panel), IPA (middle 
panel) or MeOH (bottom panel) as the organic modifier. (A) diaminocyclohexane acrylamide enantiomers 
separated on the SS-PCAP stationary phase. (B) 4-benzyl-2-oxazolidinone enantiomers separated on the 
Chirobiotic V stationary phase. (C) 2-(allylsulfinyl)-ethanol enantiomers separated on the Chirobiotic T 
stationary phase. Rs, resolution; a, selectivity; Nh peak efficiency for the first eluting peak. All flow rates were 
1.0 ml min'1. 
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3.3.5. Effect of Modifier on APCI-MS Sensitivity 
Besides chromatographic efficiency, resolution, and selectivity, the type of organic 
modifier can affect APCI-MS or ESI-MS sensitivity. The effect of modifier on MS 
sensitivity was tested for 5-methyl-5-phenylhydantoin using APCI-MS. This compound was 
chosen because it could be separated by the Chirobiotic V and Chirobiotic T columns using 
different compositions of modifier with ENFB. The dose response curves for 100% ethanol, 
methanol, and IPA using Chirobiotic V column are shown in Fig. 3.6(A), in which the 
response for the first eluting peak was charted for all three modifiers. The sensitivities for 
methanol and ethanol were nearly identical; both curves had slopes of approximately 4000. 
The sensitivity with IPA, however, was clearly much lower than that of the other two 
modifiers (<50%). While methanol and ethanol have similar surface tension, the surface 
tension of IPA is greater [29]. The desolvation efficiencies of IPA < methanol s ethanol may 
contribute to the difference observed for MS sensitivity. Fig. 3.6(B) shows the dose response 
curves from 100% methanol to 30% methanol using Chirobiotic T column. In all four cases, 
very good separations (Rs > 2.0) have been achieved. The sensitivity of APCI-MS increases 
with decreasing amount of methanol in the mobile phase. The same trend was observed when 
ethanol was used as the modifier from 100%, 90%, and 70% to 50%. The results indicate that 
the sensitivity of MS detection can be optimized by changing the amount of alcohol in the 
normal-phase mobile phase. 
3.4. CONCLUSIONS 
In this study, ethoxynonafluorobutane was found to be a viable alternative to classic 
normal-phase solvents (n-hexane or «-heptane) for normal-phase enantiomeric separations. 
Its chemical characteristics, such as having no flashpoint and low flammability, made it 
especially attractive for use with API-MS detection. ENFB substituted mobile phases 
provided comparable selectivities for all the compounds tested, although resolutions and peak 
efficiencies were somewhat lower than «-heptane containing mobile phase methods. APCI-
MS appears to be a more suitable detection method than ESI-MS for most of the small 
analytes in this study, because of better ionization efficiencies which lead to better 
70 
(A) 
Effect of Modifier on Sensitivity for 
5-methyl-5-phenyl hydantoin (Chirobiotic V) 
1.20E+07 
S 8.00E+06 
< 
M 4.00E+06 y Q. 
O.OOE+OO 
- .100 % IPA 
100 % EtOH 
— 100 % MeOH 
500 1000 1500 2000 2500 
Concentration in ^g/ml 
(B) 
Sensitivity Dependence on 
MeOH Composition (Chirobiotic T) 
8.00E+07 
re 6.00E+07 
I < 4.00E+07 
S 2.00E+07 
0.00E+00 
-30% MeOH 
50% MeOH 
-70% MeOH 
-100% MeOH 
500 1000 1500 2000 2500 
Concentration in pg/ml 
Fig. 3.6 (A) Effect of modifier on APCI-MS sensitivity for 5-methyl-5-phenylhydantoin using the Chirobiotic V 
stationary phase. All separations were carried out without ENFB using 100 % organic modifier. Linearity of 
EtOH curve, y - 3987.4x — 328021, r: = 0.9909; linearity of MeOH curve, y = 3886.8x + 17482, r = 0.9905; 
linearity of IPA curve, y = 1706.9x - 61573, r = 0.9900. (B) APCI-MS sensitivity dependence on the methanol 
composition in the mobile phase for the same compound using Chirobiotic T stationary phase. All separations 
were carried out with ENFB, and MeOH as the organic modifier. The volume ratio of MeOH in the mobile 
phase is indicated in the figure. 
sensitivities. The limits of detection and sensitivities for ENFB/APCI-MS detected 
compounds were either comparable to or better than those of n-heptane/UV detection. The 
miscibility of ENFB with most common organic solvents made it suitable for method 
development. Ethanol, as a compromise organic modifier, was found to provide better 
selectivities than methanol and better efficiencies than IPA mobile phase modifiers. 
Additionally, methanol and ethanol afforded better sensitivities for APCI-MS than IPA as an 
organic modifier. The amount of modifier in mobile phase greatly changes MS sensitivity. 
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PART TWO 
GENERAL PROPERTITY STUDIES OF IONIC LIQUIDS 
USING INVERSE GAS CHROMATOGRAPHY 
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chapter 4 
historical review of ionic liquids 
4.1. INTRODUCTION 
Ionic liquids (ILs) are defined as salts that melt near or below 100 °C. Salts that are 
liquids at room temperature are called room temperature ionic liquids (RTILs). They mainly 
consist of a combination of bulky organic cations (such as TV, iV-dialkylimidazolium, 
quaternary ammonium, pyrrolidinium, and phosphonium) with common weakly coordinating 
anions (AlCLf, BF4", PF6\ CF3S03\ (CF3S02)2N~, etc.). 
The first room temperature ionic liquid, ethyl ammonium nitrate ([EtNH3+] [NO3"]) with a 
melting point of 12°C, was discovered in 1914 by Walden who was looking for new 
explosives during World War I [1]. However, this did not initiate much interest in ionic 
liquids until the development of binary salts from mixtures of aluminium (III) chloride and 
N-alkylpyridinium or 1,3-dialkylimidazolium chloride. In 1951, Hurley and Wier reported 
such a binary ionic liquid that consisted of N-ethylpyridinium bromide and aluminium 
chloride [2]. In the late 1970s, Osteryoung and Wilkes rediscovered these systems and 
further studied them [3-6]. Research and development, however, focused mainly on 
electrochemical applications at that time. 
Ambient temperature ionic liquids based upon the 1,3-dialkylimidazolium cation were first 
reported in 1980 by Wilkes et al [5]. These ionic liquids were based on the chloroaluminate 
anions that were reactive to certain materials and moisture sensitive. Twelve years later in 
1992, an air and water inert system was also developed by Wilkes' group, which was based 
upon the tetrafloroborate anion [7]. Ever since then, the concept of ionic liquids received 
substantial attention. A wide range of ionic liquids containing different cations and anions 
have appeared in the literature. 
The study of room temperature ionic liquids has been rapidly expanded into 
electrochemistry [8, 9], organic synthesis and catalysis [10-16], separation science [17-20], 
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mass spectrometry [21, 22], and enzymatic syntheses [16, 23]. Their characteristics include: 
(1) being non-volatile and non-flammable; (2) millions of ionic liquids that can be produced 
from different combinations of cations and anions; (3) the ability to fine-tune the ionic liquid 
properties for specific applications; (4) high solvation power for a variety of compounds 
including complex molecules such as cellulose. 
The following discussions will focus on the synthesis of the most commonly used ionic 
liquids and the use of ionic liquids in organic and analytical chemistry. Only achiral ionic 
liquids are discussed. 
The most important and commonly used cations and anions are shown in Figure 4.1 [24]. 
There are two general methods for the preparation of ionic liquids: (1) metathesis of a halide 
salt (B+X") to obtain the desired anion by using either a strong acid (H+A~) or a metal salt 
(M+X'"); and (2) acid-base neutralization reaction. 
4.2. PREPARATION OF IONIC LIQUIDS 
Most commonly 
used cations: \ 
L R j 
l-alkyl-3-methyl- N-alkyl-
imidazolium pyridinium 
Tetraalkyl-
ammonium 
Tetraalkyl-
phosphonium 
(^1.2,3,4 = a"*yi) 
Some possible 
anions: 
water-insoluble water-soluble 
PT„] 
[(€F3S02)2N]-
[BRjRJRJRJ 
[BF4J-
[GF3scy-
[CH3COZ] 
[CF3COJ% [NO,] 
Br, Cl , I 
[Al2Cl7]-, [AICI4]- (decomp.) 
Most commonly ethyl octyl 
used alkyl chains: butyl decyl 
hexyl 
Figure 4.1 Commonly used cations and anions in ionic liquids [24]. 
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Several alkylammonium halides are commercially available for the first approach, or the 
cations can be formed by quaternization of an amine or phosphane, or alkylation of 1-
alkylimidazole or pyridine. By using different alkylation reagents, different ionic liquids can 
be made. Figure 4.2 (a) shows an example of /vyV-dialkylimidazolium based ionic liquids by 
an alkylation reaction. In cases where the desired anion can not be obtained directly from the 
first step, or the melting point of the salt from the quaternization (or alkylation) reaction is 
too high, a second step can be carried out. That is, reacting the halide salt with either an acid 
or a metal salt to release H-halide gas or precipitate the M+-halide, respectively (see Figure 
4.2 (b)). 
(a) Reaction of N-alkylimidazole (Rim) with alkyl halide (R'X): Rim + R'X jû RR'lm+X" 
NV VN 
(b) Metathesis (Anion Exchange): RR'lm+X" + M+X'" (H+X'") jû RR'lm+X'" + M+X" (H+X") 
CI " + NaPF6 • PFe + NaCl 
Figure 4.2 Preparation of N,N-dialkylimidazolium ionic liquids. 
The second approach is most useful for the synthesis of ammonium based ionic liquids. It 
is done simply by the neutralization of aqueous solutions of the desired amine with an 
appropriate acid, such as nitric acid and acetic acid. An example is shown in Figure 4.3. 
94Hs O Ç4H9 
. 
+ CH3 —C-OH 
C4H9—C4H9 C4H»—^-C4H» CH=CO° 
H 
Figure 4.3 Example of ionic liquids produced by neutralization reaction. 
Using similar methods, Armstrong and co-workers synthesized a total of 39 geminal 
dicationic ionic liquids comprised of both imidazolium- and pyrrolidinium-based dications 
containing relatively inert anions [25] (see Figure 4.4 for their structures). Briefly, they were 
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formed by the reaction of 2 equivalents of the imidazole or pyrrolidine with 1 equivalent of 
the alkyl di-halides. Both short and long linkage chains between the cations were utilized as 
well as other substituents on the cationic moieties. The effects of these structural variations 
on the physicochemical and solvation properties of this unusual class of ionic liquids were 
examined [25]. 
Imidazolium-based Dicationic Ionic Liquids 
2  [A ]  
i i w 
A = Br, NTf2~, BF4", PF6" 
n = 3, C3(mim)2-A 
n = 6,C6(mim)2-A 
n = 9, C9(mim)2-A 
n= 12, Ci2(mim)2-A 
A = Br,  NTf2", BF4", PF6" 
n = 3, C3(m2im)2-A 
n = 9, Cg(m2im)2-A 
ï O "  
Cg(bim)2-A, A = Br", NTf2", BF4", PF6~ 
Ci2(benzim)2-A, A = Br", NTf2",PF6" 
Pyrrolidinium-based Dicationic Ionic Liquids 
2lA'l 
2IA\ 
2 A 
2 A-
2[A j 
A = Br", NTf2", PF6" 
n = 3, C3(mpy)2-A 
n = 9, C9(mpy)2-A 
Cg(bpy)2-A, A = Br,NTf,",PF^ 
Figure 4.4 Structure for 39 imidazolium and pyrrolidinium geminal dicationic ionic liquids [25], 
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4.3. APPLICATIONS OF IONIC LIQUIDS 
The number of publications involving the use of ionic liquids has increased exponentially 
since the mid-1990's. Figure 4.5 shows the number of publications worldwide per year 
relating "ionic liquids" from 1993 to 2004 [26]. Most articles deal with the uses of ionic 
liquids in several different fields, including organic synthesis and catalysis, liquid-liquid 
extraction, chromatography and matrix-assisted laser desorption ionization mass 
spectrometry. 
1000 SeBearoh Plus vZ3 
_ 600 
m co 
t- T- w r— T- CN <N CS CN 
Year 
Figure 4.5 Bar chart showing the growth in the number of IL journal articles appearing annually during the 
last decade; compiled using SciSearch Plus v2.3 [26]. 
4.3.1. Ionic liquids in organic synthesis and catalysis 
Ionic liquids are ideal alternatives for the conventional molecular solvents in organic 
synthesis and catalysis because: (1) they have negligible vapor pressure, so they can be used 
directly with heated systems and closed containers; (2) they are good solvents for a variety of 
organic and inorganic materials, which make unusual combinations of reagents possible and 
provide a homogenous reaction media; (3) they are immiscible with a number of organic 
solvents (such as ether, hexane), thus can provide a nonaqueous, polar alternative for water in 
the two-phase systems; the hydrophobic ionic liquids can also be used as immiscible polar 
phases with water; (4) they are recyclable, which eliminates the generation of large amount 
of waste and makes them cost effective and environmentally friendly. 
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Two excellent reviews by Welton [10] and by Wasserscheid and Keim [15] were 
published in 1999 and 2000, respectively. The reviews covered various organic reactions, 
such as the Diels-Alder cycloaddition and alkylation of sodium p-naphthoxide. The 
application of ionic liquids as solvents for transition metal catalysis was also included. 
Recently, Gaumont, Plaquevent and coworkers summarized the use of achiral ionic liquids in 
asymmetric organic synthesis [13]. In most papers, the traditional molecular solvents were 
replaced with several different ionic liquids, and then the reaction was repeated under milder 
conditions. Usually, higher conversions and yields were obtained when ionic liquids were 
used as reaction media instead of traditional solvents. Also the reaction rates and yields 
could be very different when using different ionic liquids. 
Since discussions of solvent effects rely on the concept of solvent polarity, it was assumed 
that there was a need to know the polarity of ionic liquids in order to compare them with 
conventional molecular solvents. One method to measure the polarity of ionic liquids is 
called the solvatochromic dye measurement. It determines the polarity of a solvent by 
measuring the maximum absorption wavelength shift of a solvatochromic dye when it is 
dissolved in that solvent. Using the solvatochromic dye measurement, ionic liquids appear to 
have average polarity similar to propanol. However, the similarity in polarity of all the ionic 
liquids can not explain the differences that were observed, in various reaction rates and 
product ratios. Moreover, there are some limitations in solvatochromic dye measurement. 
For example, one dye cannot measure each interaction, and impurities from the preparation 
of ionic liquids may influence wavelength shifts. Therefore, a better method is desired to 
determine the magnitude of each possible interaction, such as hydrogen bonding, dipolarity, 
dispersion forces, and n—n interactions for a specific ionic liquid. In Chapter 5, a new 
method was introduced to evaluate different ionic liquid using inverse gas chromatography 
and a linear free energy approach [27]. 
4.3.2. Ionic liquids in liquid-liquid extraction 
As solvents, ionic liquids can be used not only in organic synthesis, but also in liquid-
liquid extraction. Liquid-liquid extraction utilizes two immiscible or partially miscible 
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solvents, in which the solutes will distribute or partition. Since the solutes will partition 
differently between two liquid phases, the solutes can then be separated. Rogers and co­
workers first reported the use of ionic liquids for replacement of volatile organic solvents in 
liquid-liquid extraction in 1998 [17]. They compared the relationship between the 
distribution ratios observed in 1 -butyl-3 -methylimidazolium hexafluorophosphate 
([BMIM] [PF&])-water system and similar partitioning in the octan-l-ol-water system (an 
often used empirical hydrophobicity scale) for a dozen compounds. Although the values of 
the distribution coefficients (P) in the octan-l-ol-water system were generally an order of 
magnitude higher than the corresponding distribution ratios (D) for the [BMIM] [PFô]-water 
system, the distribution values found were thought to be adequate for extraction of various 
compounds from water to [BMIM][PF^] [17]. Many other research groups produced 
analogous studies determining the distribution coefficients of many molecules between ionic 
liquids and an aqueous phase [28-33], 
4.3.3. Ionic liquids in gas-liquid chromatography 
In the early development of ionic liquid gas-liquid chromatographic (GLC) stationary 
phases, the dominant cations were alkylammonium and alkylphosphonium. The first 
application of organic molten salts as gas chromatographic stationary phase was reported by 
Barber et al [34]. Since the early 1980s, Poole and coworkers published a series of papers in 
which organic molten salts were used as GC stationary phases [35-46], Although 
alkylammonium- and alkylphosphonium- based ionic liquids have been used successfully as 
GC stationary phases, they have limitations, such as relatively narrow liquid ranges and 
thermal instability. Obviously, these are extremely important factors for the development of 
capillary GC columns. Subsequently, ionic liquids containing alkylimidazolium or 
alkylpyridimium cations possess improved properties (wider liquid range and better thermal 
stability) and were more suitable for GC stationary phases [19]. In 1999, Armstrong and co­
workers demonstrated the use of ionic liquids BMIM-Cl and BMIM-PF6 as stationary phases 
in gas-liquid chromatography (GLC) [19]. They found that when employed as stationary 
phases in GLC, these ILs exhibit a unique dual-nature behavior. They act as nonpolar 
stationary phases to nonpolar solutes but as polar stationary phases to polar solutes. Thus, 
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they can be exploited to separate complex mixtures of both polar and nonpolar compounds. 
These two traditional ILs possess several essential features of a good liquid stationary phase 
(such as high viscosity, high thermal stability, low vapor pressure, and wetability toward 
common column supports such as fused-silica capillary tubing). Nonetheless, some solutes 
were tenaciously retained (some acids and bases), resulting in long retention times (in some 
cases the analyte, e.g. alkylamines, did not elute), relatively high peak asymmetry factors 
(tailing is often observed for alcohols and carboxylic acids), and poor peak efficiencies. In 
addition, common ILs exhibit noticeable column bleeding at relatively low temperatures 
(around 170-200 °C), possibly due to partial thermal decomposition/volatilization. To 
circumvent the drawbacks of these traditional IL GLC stationary phases, Anderson and 
Armstrong developed two new ILs in 2003, which were composed of the bulkier 
imidazolium cations (either 1 -benzyl-3 -methylimidazolium or l-(4-methoxyphenyl)-3-
methylimidazolium) and the trifluoromethanesulfonate (triflate) anion [20]. These new ILs 
have high thermal stability up to 260 °C (low column bleeding) yet possess dual nature 
retention behavior. Thus, they can provide efficient separations with improved retention 
behavior as well as symmetrical peak shapes. It was found that the new IL stationary phases 
are particularly well-suited for the separation of homologous series of linear alkanes and 
isomeric compounds including alcohols, sulfoxides, PAHs, and polychlorinated biphenyls. 
When compared with a commercial DB-17 methylphenyl polysiloxane GLC stationary phase, 
the new GLC IL stationary phases provided faster separations, improved peak shapes, and 
greater selectivity [20]. 
4.3.4. Ionic liquids in matrix assisted laser desorption ionization mass spectrometry 
(MALDI-MS) 
The matrix assisted laser desorption/ionization (MALDI) technique [47], developed in 
1987, increases the upper mass limit for mass spectrometric analyses of biomolecules to over 
300,000 Da and thus makes the analyses of large biomolecules by mass spectrometry easier 
and more sensitive. 
The basic requirements for a MALDI matrix are: (1) the matrix should not be volatile; (2) 
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the matrix must dissolve (liquid matrix) or cocrystallize (solid matrix) with the sample; (3) 
the matrix should be able to embed and isolate analytes; (3) the matrix should be able to 
absorb the laser wavelength and cause co-desorption of the analyte; (4) the matrix should 
stifle both chemical and thermal degradation of the sample; (5) the matrix should be able to 
promote analyte ionization. Many conventional MALDI matrices are solid such as 3,5-
dimethoxy-4-hydroxycinnamic acid (sinapinic acid), a-cyano-4-hydroxycinnamic acid 
(CHCA), 2,5-dihydroxybenzoic acid (DUB), and 3-hydroxypicolinic acid (3-HPA). During 
the preparation of MALDI-MS samples with solid matrices, co-crystallizations usually occur, 
resulting in heterogeneous samples. Upon laser irradiation, the matrix strongly absorbs the 
laser UV light, which subsequently results in the evaporation, desorption and ionization. 
Conventional MALDI matrixes are acids with strong chromophores. Although some unique 
properties of ionic liquids (such as no measurable vapor pressure and good desolvation 
power toward complex compounds) make them potential candidates for MALDI matrices, 
the traditional ionic liquids can not produce signal in MALDI-MS simply because they do 
not have available protons to promote the ionization of the sample. 
Armstrong and co-workers developed useful ionic liquid MALDI matrices using the 
neutralization reaction of the acid solid matrices with different bases (amines) [21]. A total 
of 38 combinations (including CHCA and sinapinic acid) were tested: 18 salts failed to 
produce any MALDI signal, and the other 20 were successful. Of these, only 9 were liquids. 
The ionic liquid MALDI matrices proved to be as effective as their solid counterparts, in 
regard to the signal intensity produced for protein and polymer analytes. With ionic liquid 
matrices, it is possible to combine the beneficial qualities of liquid and solid matrices. Ionic 
liquids produce a much more homogeneous sample solution (as do all liquid matrices) yet 
have greater vacuum stability than some solid matrixes. In most cases, an ionic liquid matrix 
can produce greater spectral peak intensities and lower background noise than comparable 
solid matrices [21]. However, ionic liquids can vary tremendously in their ability to promote 
analyte ionization. Both the cationic and anionic portion of the ionic liquid matrix must be 
carefully chosen with a consideration for the special requirements of UV-MALDI detection 
[21]. The ionic liquid matrix must have significant absorbance at the desired wavelength, 
and the ability to provide protons. 
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Armstrong and co-workers continued their work on developing ionic matrices that could 
be used in MALDI-TOF for the analysis of deoxyribonucleic acid (DNA)-oligomers. It was 
hoped that the IL matrices would improve upon the results obtained for the conventional 3-
HPA matrix [22], For DNA MALDI detection, 33 combinations were tested: 19 salts failed, 
14 salts produced a MALDI signal with DNA oligomers but none of them were liquid [22]. 
In most cases, an ionic matrix produced greater signal to noise ratio than traditional solid 
matrices. Since all working ionic matrices were solids, the spectra that gave the best intensity 
only could be obtained after several attempts to find appropriate "hot spots" [22]. 
4.4. SUMMARY 
This chapter provides an introduction into the new and developing field of ionic liquid 
chemistry. The research involving ionic liquids is in a rapid growth stage. Their unique 
characteristics as solvents provide significant advantages over conventional organic solvents. 
It is possible to vary their physical and chemical properties by tuning the combination of 
cations and anions. This makes them ideal candidates as solvents and matrices for a variety 
of applications in most branches of chemistry. 
The next two chapters of this dissertation deal with aspects of finding ways to examine the 
nature of different ionic liquids and use the obtained results to interpret different experiment 
phenomena. Chapter 5 presents the first use of inverse gas chromatography and a linear free 
energy approach to determine individual solvation interactions for various room temperature 
ionic liquids. Using this method, the solvation properties of an ionic liquid could be 
deconvoluted to obtain all specific interactions (e.g., hydrogen bonding, dipolarity, 
dispersion forces, and TC-TC interactions). In addition, a model was developed using the 
determined solvation interactions to illustrate which ionic liquids have similar solvation 
properties. 
Chapter 6 investigates the solvation thermodynamics of alkanes in various RTILs. The 
enthalpy and entropy of solvation were determined using the rearranged van't Hoff equation 
in combination with inverse gas-liquid chromatography. 
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chapter 5 
characterizing ionic liquids on the basis of multiple 
solvation interactions 
A paper published in Journal of the American Chemical Society3 
Jared L. Anderson, Jie Ding, Thomas Welton and Daniel W. Armstrong 
ABSTRACT 
Room-temperature ionic liquids (RTILs) are useful in many chemical applications. Recent 
publications have attempted to determine the polarity of RTILs using empirical solvent 
polarity scales. The results have indicated that most RTILs have similar polarities. 
Nevertheless, RTILs are capable of behaving quite differently when used as solvents in 
organic synthesis, matrixes in matrix-assisted laser desorption/ionization (MALDI) mass 
spectrometry, liquid-liquid extraction, and as stationary phases in gas chromatography. The 
work presented in this study uses a linear free energy approach to characterize 17 RTILs on 
the basis of their distinct multiple solvation interactions with probe solute molecules. This 
model provides data that can be used to help identify the interactions and properties that are 
important for specific chemical applications. 
5.1. INTRODUCTION 
Room-temperature ionic liquids (RTILs) have been the focus of many recent scientific 
investigations [1-21]. They have been used as novel solvent systems for organic synthesis [3-
16], liquid-liquid extraction [17-19], in electrochemical studies [20], and as ultralow 
volatility liquid matrixes for matrix-assisted laser desorption/ionization (MALDI) mass 
spectrometry [21]. RTILs have properties that make their application in chemical systems 
attractive. Some RTILs are immiscible with water and nonpolar organic solvents. They 
3 Reprinted from Journal of American Chemical Society, 2002, 124, 14247-14254. Copyright © 2002 with 
permission from American Chemical Society. 
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possess good thermal stability (over 300°C) and yet possess negligible vapor pressure 
making them "green" solvents in regard to reducing environmental levels of volatile organic 
carbons (VOCs). RTILs of various viscosities can be easily prepared by simply changing the 
cation or anion [22]. Most ionic liquids are said to have similar polarities, close to those of 
short chain alcohols [24-27], However, their solvent properties can differ considerably from 
one another as well as from traditional molecular solvents. Clearly, an effective means to 
characterize RTILs would greatly increase our understanding and effective use of these 
solvents. 
For decades, attempts have been made to develop empirical solvent polarity scales as a 
means to help explain differences in solvent-mediated reaction pathways, reaction yields, 
synthesis product ratios, chromatographic retention, and extraction coefficients. An empirical 
polarity parameter was described by observing the effect of the solvent on a solvent-
dependent process such as the rate of a chemical reaction or the absorption of light by a 
solvatochromic dye [23]. Empirical parameters of solvent polarity were then derived from 
the rate constants or shifts in absorption maxima. Analogous approaches have been used for 
RTILs. The solvatochromic effect of Reichardt's dye [24] and Nile Red [25] as well as 
fluorescent probes [26-27] and the Rohrschneider-McReynolds gas-liquid chromatography 
(GLC) method [1] have been used to characterize ionic liquids by obtaining a general 
polarity-based parameter. This "single-parameter-polarity-approach" has not been definitive 
for RTILs because they all seem to fall within the same narrow range of values [24-27], Yet, 
two different ionic liquids that have essentially identical "polarity" ratings or descriptors can 
produce very different results when used as solvents for organic reactions, gas-liquid 
chromatography, or extractions. 
Clearly, a single "polarity'V'solvent strength'V'interaction" parameter is not sufficient to 
explain the variation in experimental results in many solvent-mediated processes. Most 
simple molecular solvents (hexane, for example) are limited in the number and types of 
solvation interactions possible with dissolved molecules. More complex solvents with 
additional functional groups are capable of having additional interactions with dissolved 
molecules. Ionic liquids are among the most complex solvents. Given their structure and 
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diversity of functionality, they are capable of most types of interactions (e.g., dispersive, n-n, 
n-îi, hydrogen bonding, dipolar, ionic/charge-charge). In every solution, there can be a 
number of different (in terms of type and strength) and often simultaneous solute-solvent 
interactions. For any given case, there will be dominant and less-substantial interactions. The 
various single parameter polarity scales are essentially weighted averages of all possible 
solute-solvent interactions. Thus, it is not surprising that these averages are similar for any 
given class of solvents and that they do not adequately explain many experimental 
observations. For example, despite the fact that the two l-butyl-3-methyl imidazolium 
(BMIM) room-temperature ionic liquids ([BMIM][PF6] and [BMIM][BF4]) have almost 
identical ETN values, 0.667 and 0.673, respectively [24], it has been shown that these two 
RTILs can behave quite differently as reaction solvents [10-12], Recently, publications have 
expressed the need for quantitative parameters to describe the ionic liquids in cases where the 
individual interactions have a direct effect on the reaction products, product ratio, kinetics, or 
enzyme activity [10-12], 
Several approaches have been proposed that allow one to examine and categorize the 
different solvent-solute interactions. One technique uses several different solvatochromic 
dyes [24-25], Ideally, the behavior of each dye is dominated by a specific type of molecular 
interaction. The Rohrschneider-McReynolds constants were originally developed to 
characterize liquid stationary phases for gas chromatography on the basis of several different 
interaction parameters [1]. They use retention parameters of different probe molecules to 
thoroughly characterize the liquid. Each probe molecule interacts in a specific way with the 
liquid. For example, w-butanol exhibits acidic properties in the gas state and indicates the 
hydrogen bonding ability of the liquid. 
The solvation parameter model developed by Abraham has been used to characterize 
either liquid- or gas-phase interactions between solute molecules and liquid phases [29-33]. 
Using this approach, we chose a large number of probe molecules capable of a plethora of 
interactions to characterize the RTIL. Because one probe molecule can be a measure of a 
specific interaction, it may be considered equivalent to one probe dye molecule, which 
generally measures many interactions with the RTIL. Therefore, a judicious choice of several 
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distinct probe solute molecules can be used to measure all desired interactions, and some 
redundancy can be included as well. When characterizing RTILs by inverse GC, only small 
quantities (-20 mg) of each RTIL are required and can be examined at different temperatures 
to illustrate how interactions change with temperature. This property allows for the 
characterization of RTILs at the higher temperatures commonly used in many organic 
reactions. Furthermore, the temperatures used in an inverse GC approach volatilize most 
impurities, including water, allowing for the evaluation of the neat relatively uncontaminated 
RTIL. Finally, the method uses multiple linear regression analysis (MLRA) and provides 
statistical treatment of all data. 
The solvation model of Abraham (equation 1) is a linear free energy relationship that 
log k = c + rR2 + s tï2H + 2l(Z2H + bfr11 + 1 log L16 [Eq 1] 
describes the solvation process of a solute as occurring in three stages: (1) a cavity of suitable 
size is created in the solvent (RTIL), (2) the solvent molecules reorganize around the cavity, 
and (3) the solute is introduced into the cavity, and the various solute-solvent interactions are 
allowed to take place [32]. Each solute molecule will possess somewhat different solute-
solvent interactions due to various acidic, basic, electron-donating, electron-withdrawing, 
and aromatic functional groups. Specific solute descriptors (see eq 1) have been defined for 
many molecules [29]. They are as follows: R2 is an excess molar refraction calculated from 
the solute's refractive index; 112" is the solute dipolarity/polarizability; 3.2H and P211 are the 
solute hydrogen bond acidity and hydrogen bond basicity, respectively; and Z16 is the solute 
gas-hexadecane partition coefficient at 298 K. For GLC experiments, the dependent variable 
in eq 1 can be log L, log K, log Vg, or log k referring to the Ostwald solubility coefficient, 
gas-liquid partition coefficient, specific retention volume at a given column temperature, or 
the adjusted relative retention time, respectively [31]. 
Table 5.1 lists the solute descriptors for 36 probe solutes used in this study. The solute 
retention factor, k, is determined chromatographically. Multiple linear regression analysis 
(MLRA) is then performed (see Experimental Section) on the set of probe molecule solute 
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Table 5.1 Complete List of All Probe Molecules and Their Solute Descriptors Used To Characterize Each RTIL 
(Data Obtained from Ref 29). 
Probe Molecule Rz V a2H P2H log L16 
1,2 Dichlorobenzene 0.872 0.78 0 0.04 4.518 
Phenol 0.805 0.89 0.6 0.31 3.766 
Octyl Aldehyde 0.16 0.65 0 0.45 4.36 
Valeraldehyde 0.163 0.65 0 0.45 2.851 
O-Xylene 0.663 0.56 0 0.16 3.939 
P-Xylene 0.613 0.52 0 0.16 3.839 
Cyclohexanol 0.46 0.54 0.32 0.57 3.758 
Nitrobenzene 0.871 1.11 0 0.28 4.511 
N,N-dimethylformamide 0.367 1.31 0 0.74 3.173 
M-Xylene 0.623 0.52 0 0.16 3.839 
2-Pentanone 0.143 0.68 0 0.51 2.755 
1-Nitropropane 0.242 0.95 0 0.31 2.894 
Toluene 0.601 0.52 0 0.14 3.325 
Benzaldehyde 0.82 1 0 0.39 4.008 
Pyridine 0.794 0.87 0 0.62 3.003 
Aniline 0.955 0.96 0.26 0.53 3.993 
Butanol 0.224 0.42 0.37 0.48 2.601 
Acetic Acid 0.265 0.65 0.61 0.44 1.75 
1-Octanol 0.199 0.42 0.37 0.48 4.619 
Acetophenone 0.818 1.01 0 0.49 4.501 
2-Chloroaniline 1.033 0.92 0.25 0.31 4.674 
Methyl Caproate 0.08 0.6 0 0.45 3.874 
Benzene 0.61 0.52 0 0.14 2.786 
1-Hexyne 0.166 0.23 0.13 0.1 2.51 
Pyrrole 0.613 0.73 0.41 0.29 2.865 
2-Propanol 0.212 0.36 0.33 0.56 1.764 
Benzonitrile 0.742 1.11 0 0.33 4.039 
Propionitrile 0.162 0.9 0.02 0.36 2.082 
1-Chlorohexane 0.201 0.4 0 0.1 3.777 
Ethyl acetate 0.106 0.62 0 0.45 2.314 
p-Cresol 0.82 0.87 0.57 0.31 4.312 
Ethylphenylether 0.681 0.7 0 0.32 4.242 
Naphthalene 1.34 0.92 0 0.2 5.161 
Octylamine 0.187 0.35 0.16 0.61 4.52 
Dioxane 0.329 0.75 0 0.64 2.892 
Cyclohexanone 0.403 0.86 0 0.56 3.792 
descriptors and their retention factors to determine the interaction parameter coefficients (r, s, 
a, b, I) used to characterize the liquid [29]: r is the ability of the RTIL to interact with n- and 
n-electrons of the solute; s is a measure of the dipolarity/polarizability of the RTIL; a defines 
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the RTIL hydrogen bond basicity (acidic solutes will interact with a basic phase); b is a 
measure of the hydrogen bond acidity; and / describes dispersion forces and indicates how 
well the RTIL will separate homologues in any homologous series (e.g., «-alkanes). 
Collectively, the numerical magnitude of each interaction parameter describes the importance 
of the individual interactions and thereby characterizes the RTIL. 
In this paper, we present data obtained using the solvation parameter model for 17 RTILs. 
Most of the ionic liquids evaluated in the study have been used as solvents in organic 
synthesis reactions or in other analytical uses (e.g., liquid-liquid extraction, MALDI 
matrixes, GC stationary phases, capillary electrophoresis (CE) run buffer additive [34]). By 
using this approach to an extensive number of ionic liquids, we can more accurately 
categorize the types of interactions that they are capable of and effectively delineate their 
similarities and differences. This information can then be used to understand the effect of 
different RTILs on reactions and other chemical processes. If a sufficient understanding of 
the molecular and ionic properties/interactions of RTILs can be obtained, we may eventually 
be able to pick optimal RTILs for specific applications. In addition, if specific interactions 
can be attributed to the cationic and/or anionic part of the RTILs, these can be mixed and 
matched to obtain maximum performance. RTILs are capable of undergoing a multitude of 
different interactions which makes them more complex and difficult to categorize than more 
conventional organic solvents but also provides them with a unique and potentially useful set 
of properties. 
5.2. EXPERIMENTAL SECTION 
All probe molecules (Table 5.1) were purchased from Aldrich (Milwaukee, WI) and were 
used as received. Figure 5.1 displays the RTILs examined in this study. Class I RTILs were 
prepared as previously reported in the literature [1,9,11,24,26]. Most RTILs in this class were 
prepared using the BMIM chloride salt. Because of the fact that residual chloride impurities 
can have a large effect on the physical properties of the RTILs [35], extra care was taken to 
ensure all other ionic liquids were free of chloride ion. Forming the desired RTIL by 
metathesis exchange of BMIM-C1 with the silver salt of the anion of interest yielded a 
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Class I RTILs 
r R. S» "i 
M" 
R2 
RI R2 R3 R4 RS X 
1 BMIM-C1 -C4H9 -H -CH3 -H -H cr 
2 BMIM-TfO 
-C4H9 -H -CH3 -H -H Œ3SO3-
3 BMIM-SbF6 -C4H9 -H -CH3 -H -H SbF«-
4 BMIM-BF4 
-C4H9 -H -CH3 -H -H BF4-
5 BMIM-NTfz -C4H9 -H -CH3 -H -H (CF3SQ2)2N' 
6 BMIM-PF6 -C4H9 -H -CH3 -H -H PF6-
7 C6M4IM-NTF2 -C6H13 -CH3 -CH3 -CH3 -CH3 (CF3SQ2)2N-
8 C8M4IM-NTF2 -C8H17 -CH3 -CH3 -CH3 -CH3 (CF3S02)2N-
9 Bm2im-NTf2 -C4H9 -CH3 -CH3 -H -H (CF3S02)2N-
(CF^SO&N 
BMPY-NTf2 
Class II RTILs 
R2 
1 /R3 
f 
H 
RI R% R3 R. 
11 NH2m2-PA -H -CH3 -CH3 -H 
12 NHb3-PA -C4H9 -C4H9 -C4H9 -H 
13 NHb3-OHPA -C4H9 -C4H9 -C4H9 -OH 
14 NHe3-PA -QH5 -c2H5 -c2H5 -H 
15 
C4H9 
C4H9S. -/C4H9 
H 
CH,-cocr 16 
NHb3-Ac (Tributylamine-acetate) 
C4H9 
HO-
H 
-C C C^N 
coo-
(tributylamine a-cyano-4-hydroxycinnamic acid) 
17 
C4H9 
f 
H 
H,CO_ 
H3CO 
NHb3-SA 
(tributylamine sinapinic acid) 
Figure 5.1 Structural description of RTILs evaluated in this study. 
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product with low levels of chloride ion. Further washes were then performed and treated with 
silver nitrate to detect silver chloride precipitate. Finally, purity was examined using ion 
chromatography to check for residual chloride ion impurities. In all cases, the residual 
chloride concentration was less than 1 ppm. In addition, it was observed that BMIM-SbF6 
produced small amounts of fluoride ion over time due to its sensitivity to air. Class II RTILs 
were prepared by dissolving -0.5 g of the respective acid in 15 mL of methanol. After 
equimolar base was added, the mixture was sonicated for 5 min, then filtered, and vacuum 
evaporated to remove solvent. Because none of these RTILs were produced from chloride 
salts, the presence of contaminating chloride was not a problem. 
Untreated fused silica capillary tubing (0.25-mm i.d.) was purchased from Supelco 
(Bellefonte, PA). Five-meter capillary columns were coated at 40°C by the static method 
using a 0.24% (w/v) solution of each RTIL in dichloromethane. Coated columns were 
flushed with dry helium gas and conditioned overnight from 30 to 100°C at l°C/min. 
Column efficiency was tested with naphthalene at 100°C. All columns had efficiencies 
between 1700 and 2400 plates/meter. The retention time of naphthalene at 100°C was 
recorded for each column before and after evaluating all probe molecules at three column 
temperatures to ensure that the coated layer of the RTIL had not changed during the 
chromatographic study. 
Mixtures of probe compounds were dissolved in dichloromethane. Some probe molecules 
with very low boiling points (e.g., ethyl acetate, benzene, 1-hexyne) eluted with the RTIL 
column void volume (i.e., were unretained) at 100°C. Obviously, they could not be included 
in the linear regression analysis. Conversely, at 40°C some RTILs tenaciously retained a few 
other probe molecules which did not elute after 180 min. 
Gas chromatographic measurements were made using a Hewlett-Packard model 6890 gas 
chromatograph and a Hewlett-Packard 6890 series integrator. Helium was used as the carrier 
gas at a column inlet pressure of 3.1 psi and flow rate of 1.0 mL/min. Split injection and 
flame ionization detection were utilized with injection and detection temperatures of 250°C. 
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Methane was used to determine the dead volume of each column at the respective 
temperature. 
Multiple linear regression analysis (MLRA) and statistical calculations were performed 
using the program Analyze-it (Microsoft, USA). Figure 5.2 illustrates a typical regression 
line consisting of all probe molecules with a high correlation coefficient (0.98). 
.2 
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Figure 5.2 Multiple linear regression plot (R2 - 0.98) of BMIM-PF6 at 100°C. The solute descriptors and 
retention factors of 32 solute probe molecules are fitted by MLRA to obtain each interaction parameter shown 
in eq 1. 
5.3. RESULTS AND DISCUSSION 
The interaction capabilities of most RTILs were evaluated at three different temperatures 
(40, 70, and 100°C) using 36 probe molecules (Table 5.1). By examining the probe 
molecules on each RTIL at three different temperatures, the interaction parameters could be 
compared to ensure that the solvation model adequately characterized the RTILs and that the 
integrity of the ionic liquid had not been compromised. 
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Two classes of RTILs were evaluated in this study. The first class consisted of ionic 
liquids frequently used and reported in the literature as solvents for organic synthesis [3-16] 
and for liquid-liquid extractions [17-19]. The second class of RTILs was lower molecular 
weight substances previously reported in the literature as matrixes for MALDI [21]. 
Table 5.2 lists the interaction parameters obtained for each ionic liquid. These data 
indicate that the most dominant interaction constants for RTILs are strong dipolarity (s), 
hydrogen bond basicity (a), and dispersion forces (/). Figure 5.3 is a plot of the interaction 
parameters for each ionic liquid at 70°C. It allows a quick comparison of different RTILs and 
visualization of trends. While the dispersion forces (/) were nearly constant for every RTIL 
high (e.g., BMIM-C1, BMIM-SbF6), the RTIL hydrogen bond acidity was negative. The 
anionic portion of the RTIL appears to control its hydrogen bond basicity. A plot of the two 
dominant interaction parameters, dipolarity (s) and hydrogen bond basicity (a), is shown in 
Figure 5.4. Clearly, four groups or clusters of RTILs with similar a and s values are 
observed. This classification scheme is very useful in comparing the hydrogen bond basicity 
characteristics of the RTILs. The hydrogen bond basicity, while the most significant 
interaction of the RTILs, plays an important role in the RTIL's usefulness as an organic 
solvent and as a GLC stationary phase. 
RTILs with the same cation (BMIM) and different anions exhibited different basicity and 
dipolarity values. However, when the same anion (NTf2") was evaluated with different 
cations, the effect of the cation on hydrogen bond basicity and dipolarity was quite small 
(Figure 5.3, Table 5.2). Clearly, the anion has a greater influence on the overall hydrogen 
bond basicity of the RTIL. 
Only three of the examined Class I RTILs exhibited significant hydrogen bond acidity (b ) ,  
with BMIM-NTf^ exhibiting the highest value (see Figure 5.3). This parameter appears to be 
affected by both the RTIL's cation and the RTIL's anion. Also, only three RTILs (BMIM-C1, 
Csnruim-NTfi, Qm^m-NTf^) exhibited significant ability to interact with the probe 
molecules via nonbonding or ^-electrons, as specified by the r-term in eq 1. In the case of the 
Cgnuim-NTfa and Cgn^im-NTf^ RTILs, each alkyl substituent on the imidazole ring 
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Table 5.2 Interaction Parameters Obtained from the Solvation Model for 17 RTILs". 
Class I RHLs 
irt «action parameters 
temperahie fC) c r s a b 1 n 
BMM-SbFt 
40 -2-441 0 1.875 3.085 -0.325 0.587 30 0.97 
70 -2.688 0 1.808 2.704 -0-365 0.509 31 0.97 
100 -2.854 0 1.659 2.276 -0.332 0.456 30 0.95 
BMM-C1 
40 -3.095 0.237 2.247 7.030 -0358 0.627 15 0.97 
70 -2.841 0-291 2.007 5.230 -0-320 0.445 22 0.98 
100 -3.099 0.408 1.826 4.860 -0-121 0.392 23 0.98 
BMM-TfD 
40 -2.428 0 1.862 3.023 0 0.607 30 0.98 
70 -2.639 0 1.727 2.713 0 0.516 31 0.99 
100 -1764 0 1.386 2.353 0 0.485 32 0.96 
BMIM-BF4 
40 -2.656 0 1.647 2.219 -0.102 0.644 31 0.98 
70 -2.740 0 1.456 1.967 -0.127 0.569 33 0.98 
100 -2.724 -0.141 1.365 1.660 -0-283 0.473 31 0.96 
BMIM-NTf, 
40 -2.868 0 1.889 2.016 0.362 0.634 33 0.99 
70 -3.025 0 1.671 1.752 0.378 0.557 35 0.99 
100 -3.130 0 1.596 1.551 0.235 0.487 32 0.98 
BMEM-PFj 
40 -2.607 0 1.914 1.887 0 0.620 29 0.98 
70 -2.622 0 1.695 1.579 0 0.515 33 0.99 
100 -2.677 0 1.540 1.369 0 0.439 32 0.98 
40 -2.893 0.222 1.678 1.944 0 0.715 30 0.98 
70 -3.017 0.170 1.525 1.827 0 0.633 34 0.98 
100 -3.090 0.133 1.396 1.562 0 0.551 31 0,98 
Cjn^mi-NTfj 
40 
S 1 0.206 1.717 1.966 0 0.701 31 0.98 
70 -2.908 0.173 1.579 1.848 0 0.611 34 0.98 
100 -2.902 0.243 1.398 1.563 0 0.496 31 0.99 
Bm;im-NTf-. 
40 -2.934 0.073 1.964 2.033 0.125 0.636 32 0.98 
70 -3.140 0.082 1.750 1.790 0,159 0.569 34 0.98 
100 -3.152 0.092 1.581 1.566 0-113 0.478 31 0.98 
BMPY-TSTfj 
40 -2.779 0 1.688 2.083 0,159 0.677 34 0.98 
70 -2.799 0 1.533 1.775 0 0.561 34 0.99 
100 -2.920 0 1.442 1.547 0 0.434 32 0.99 
Class II RTILs 
interaction parameters 
temperature fQ c 1 $ a 6 I n R> 
NHam-PA 
40 -3.605 -0.238 0.776 1.173 0 0.763 29 0.94 
70 -3.532 -0.233 0.781 0.797 0 0.613 21 0# 
XHbi-PA 
40 -2.649 -0.126 0.590 1.506 -0.349 0.741 30 0.95 
70 -2.700 0 0.498 1.508 -0.374 0.624 30 0.95 
NHbi-OHPA 
40 -2.897 -0.126 0,476 1076 -0.158 0.749 32 0.98 
70 -3.008 0 0.373 0.935 -0.146 0.636 27 0.97 
MHe3-PA 
40 -3.136 0 0.516 1.350 0 0.713 30 0.95 
70 -2.704 -0.102 0.576 0.843 0 0.486 23 0.96 
XHbj-Ac 
40 -3.413 -0.249 0.734 1.343 -0.216 0.827 32 0.98 
70 -3,626 -0.243 0.654 1.054 -0.213 0.738 23 0.98 
NHbj-CHCA 
60 -3.829 0.323 1.373 2.209 1.086 0.676 27 0.93 
70 -3.350 0.257 1.340 2.178 1.037 0.553 30 0.96 
Mibi-SA 
60 -4.28 0.160 1.880 2.851 1.382 0.768 30 0.94 
70 -4.08 0.240 1.743 2.691 1.132 0.673 31 0.96 
aNote: n = number of probe molecules subjected to multiple linear regression analysis. R2 = statistical 
correlation coefficient. 
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Figure 5.3 Plot illustrating the magnitude of each interaction parameter at 70°C: hydrogen bond basicity (a), 
hydrogen bond acidity (b), interaction via nonbonding and Jl-electrons (r), dipolarity/polarizability (s), and 
dispersion forces (I). 
Dipolarity (s) 
Figure 5.4 Plot illustrating the grouping of the 17 tested RTILs based upon their hydrogen bond basicity and 
dipolarity characteristics. 1, [BMIM][BF4]; 2, [C8m4imJ[NTfJ; 3, [BMPY][NTfJ; 4, [C6m4im][NTfJ; 
5, [BMIM] [NTfJ ; 6, [BMIM] [PFJ; 7, [Bm2im] [NTfJ ; 8, [BMIM] [TfO]; 9, [BMIM] [SbF6] ; 10, [BMIM] [CI]; 
77, 72, 73, 74, 7J, 
76, 77, 
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inductively donates electrons to the aromatic n system. This can accentuate nonbonding to n 
and Ti-to-n interactions between ionic liquids and solutes that contain nonbonding and u 
electron systems. It appears that RTILs which have a cationic moiety with an electron-rich 
aromatic n -system produced stronger interactions (higher retention factors) for solute 
molecules capable of undergoing il-h and n-Tt interactions (e.g., 2-chloroaniline, p-cresol, 
aniline). It was also observed that the BMIM-C1 RTIL tenaciously retained these same probe 
molecules. Although the BMIM cation does not have the analogous electron-rich aromatic 
system, it appears that the chloride anion (with nonbonding electrons), in combination with 
the BMIM cation, forms a RTIL that exhibits significant ability to interact with ^-systems of 
probe molecules. Similar behavior but of much smaller magnitude was observed for the 
BMIM-SbF6 and BMIM-TfO salts, both of which have anions exhibiting large hydrogen 
bond basicity. Most other RTILs exhibited zero or negative r values. It has been noted 
previously that negligible and negative r values are due to repulsive interactions between 
fluorinated moieties of the anion and the probe solute molecules [32]. 
Although capabilities for dispersion interactions were considerable for all RTILs in this 
study, they showed only slight variability. Thus, while dispersion interactions between 
solutes and ionic liquids are important, they usually cannot be used to distinguish between 
RTILs. However, dispersion forces play an important role in solute-solvent interactions in 
that they aid all RTILs in distinguishing between similar molecules (i.e., homologous series 
of alkanes). Probe molecules that primarily interact with RTILs via dispersion interactions 
(i.e., hydrocarbons) will behave similarly with all RTILs. Likewise, solvatochromic dyes 
which interact with RTILs primarily by dispersive interactions would show similar trends in 
their behavior. 
5.3.1. Ionic liquid model 
The results obtained from this study have shown that RTILs can be classified on the basis 
of their interactions with a variety of solute probe molecules. Because a large variety of 
probe molecules capable of undergoing specific interactions were chosen, the data obtained 
should provide an adequate characterization of each ionic liquid. These data can then be used 
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to indicate optimal uses for specific RTILs (such as solvents for organic synthesis, extraction 
solvents, matrixes for MALDI, and stationary phases for GLC, see Figure 5.3). 
5.3.2. Organic synthesis 
The use of ionic liquids as solvents in organic chemistry has increased dramatically. As 
compared to conventional organic solvents, it has been shown that RTILs are capable of 
undergoing many types of interactions resulting in enhanced material dissolution, distinct 
reaction product ratios, and reaction kinetics [3-16]. In this section, we examine whether the 
values of the interaction parameters obtained in this work support the qualitative observations 
and results of previous studies. 
Recently, it was reported that cellulose could be dissolved up to 25 wt % in BMIM-Cl 
[36]. However, it was noted that BMIM-BF4 and BMIM-PF6 did not dissolve pulp cellulose. 
Our data indicate that the BMIM-Cl ionic liquid has the largest hydrogen bond basicity, 
suggesting that the anion plays a key role in the dissolution of the cellulose. We have 
previously reported the solubility of other complex compounds in BMIM-Cl, BMIM-PF6, 
and BMIM-BF4 RTILs [1], Native x, p, and y-cyclodextrins exhibited the best solubility in 
the BMIM-Cl RTIL (-30% w/w), while the BMIM-BF4 and BMIM-PF6 RTILs demonstrated 
only 1% solubility. Important macrocyclic antibiotics such as vancomycin, teicoplanin, 
rifamycin B, and avoparcin were soluble in BMIM-Cl but sparingly soluble in the 
BMIM-PF6 and BMIM-BF4 RTILs. These compounds contain many free hydroxyl groups as 
a consequence of the carbohydrate moieties that are part of the molecule. Recent 
observations by our group have shown that if the sugar moieties are removed from 
teicoplanin (resulting in the macrocyclic aglycone), the solubility in BMIM-Cl drops by 
nearly 60%. Indeed, the role of the chloride anion and its hydrogen bond basicity behavior is 
crucial in achieving dissolution of compounds capable of hydrogen bonding to the RTIL. 
Reynolds et al. recently reported that the photoreduction of benzophenones by amines is 
possible using RTILs as solvents [10]. Because the photoreduction of a substrate produced a 
mixture of benzhydrol and benzpinacol, the authors explored the effect of the RTILs on the 
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product ratio obtained from the reaction. They discovered that the yield of benzhydrol was 
highest in the BMIM-PFe solvent and lowest in the BMIM-TfO salt (BMIM-PF^ > 
BMIM-BF4 > BMIM-TfO). According to our data, this reaction favored a solvent with the 
lowest hydrogen bond basicity, while increasing basicity had a detrimental effect on the yield 
of benzhydrol. This same trend was discussed by Ohara et al., where ionic liquid solvents 
were used in the ferric ion-catalyzed cycloaddition of styrene derivatives [28]. They 
discovered that the reaction rate was strongly dependent on the anion of the imidazolium salt 
and that the optimal rate was achieved when using BMIM-PF6 as the solvent. A significant 
drop in the reaction rate was observed for the BMIM-BF4 salt, while no reaction was 
achieved using the BMIM-TfO solvent system. It is possible that RTILs with strong 
hydrogen bond basicity interact with the ferric ion catalyst or otherwise interfere with the 
reaction. 
Chauvin et al. used RTILs based on 1 -butyl-3 -methylimidazolium salts as nonaqueous 
solvents in Rh-catalyzed two phase hydrogénation, isomerization, and hydroformylation of 
unsaturated substrates [37]. Because RTILs can easily dissolve charged species, the 
hydrogénation of 1-pentene using a cationic catalyst precursor was explored. The results 
indicated that the BMIM-SbF6 RTIL produced hydrogénation rates nearly five times higher 
than comparable homogeneous reactions in acetone and considerably higher turnover 
frequencies than the BMIM-PF6 and BMIM-BF4 RTILs. Our data (see Table 5.2 and Figure 
5.4) indicate the much higher hydrogen bond basicity character of BMIM-SbFe as compared 
to BMIM-PFe and BMIM-BF4. In comparing the latter two RTILs, their published 
experimental results indicated a much lower activity with the BMIM-BF4 salt that was 
attributed to its hydrophobic nature and the presence of trace amounts of chloride ion. 
Indeed, it is very important to evaluate RTILs free of any chloride ion as trace amounts 
greatly influence the hydrogen bond basicity character of the RTIL (see Experimental 
Section). 
The Class II ionic liquids examined in this study possess small hydrogen bond basicity 
constants and may be useful for organic reactions in which the hydrogen basicity of the anion 
is preferred to have little influence on the reaction rate, product yield, or product ratio. 
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Although these ionic liquids decompose at a lower temperature as compared to Class I 
RTILs, their possible usefulness should not be ignored. 
5.3.3. Matrix-assisted laser desorption/ionization (MALDI) matrixes 
MALDI mass spectrometry has proved to be a successful soft ionization method for 
analyzing polar, nonvolatile, and thermally labile biomolecules and synthetic polymers with 
high molecular weight [38-41], Two of the fundamental properties that every effective matrix 
must possess are the ability to absorb ultraviolet laser light (i.e., have a chromophore) and 
also transfer a proton to the analyte after excitation. Also, it is crucial that the matrix be 
nonvolatile so that it can exist under the high-vacuum conditions used in mass spectrometry. 
Two effective and five ineffective RTILs used as MALDI matrixes were evaluated using 
the solvation model. Ideally, the interaction parameters could predict whether the RTIL 
would be an effective MALDI matrix by demonstrating substantial hydrogen bond acidity (as 
the matrix must transfer a proton to the analyte to form the intact molecular ion) and a 
significant r-term signifying an aromatic moiety (i.e., chromophore). Clearly, the data show 
that only the effective RTILs (tributylammonium a -cyano-4-hydroxycinnamate 
(NHbg-CHCA) and tributylammonium sinapinate acid (NHbs-SA)) have appreciable 
hydrogen bond acidity (6-term) and significant ability to interact with n and it-electrons 
(r-term) as illustrated in Figure 5.3. These characteristics are absolutely necessary for a 
MALDI matrix to be effective. All other RTILs with zero or negative r-terms failed to 
provide adequate signals probably due to a lack of ionization of the solute [21]. Obviously, 
the solvation model allows one to examine a potential MALDI matrix largely on the basis of 
two interaction parameters, b and r. This demonstrates the usefulness and robustness of the 
model to properly evaluate all solvation interactions of the RTIL. 
5.3.4. Gas chromatography stationary phases 
We have previously reported the retention behavior of various solute molecules on a 
BMIM-Cl and a BMIM-PF6 GLC stationary phase and indicated that RTILs have an apparent 
"dual nature" [1]. As illustrated in Figure 5.5a, low polarity compounds (i.e., hydrocarbons) 
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exhibited relatively small retention factors but good selectivity (i.e., peak to peak separation). 
In fact, the RTILs interact with nonpolar molecules as if they were nonpolar liquid stationary 
phases where dispersive interactions dominate. Conversely, compounds capable of donating 
protons, and to a lesser extent proton acceptors, were tremendously retained, as if the RTILs 
were very polar liquids (i.e., carboxylic acids, phenols, and alcohols, Table 5.3). This dual 
behavior is illustrated in Figure 5.5a and 5.5b where the BMIM-TfO RTIL separated a 
mixture of n-alkanes (as if it was a nonpolar stationary phase) and also demonstrated 
excellent selectivity in separating a mixture of small chain alcohols (as if it was a polar 
stationary phase). 
Table 5.3 Retention Factors Obtained at 70°Cfor Select Probe Molecules on All RTIL Phases Examined". 
ariBne 2-(hk»oatiline 1-octanol /j-cresol acetic acid 1-chkrohexane 
BXOM-SbFt * 91.3 16.3 * 9.5 1.1 
BMIM-Cl » » 73.1 * * 
BMIM-TfO » 119.4 212 * 13.7 1.3 
BMDvl-BF* 77.8 54.7 11.1 90.2 2.8 1.2 
BNSM-PFe 59.8 70.8 10 96.0 2.1 1.4 
BMC»l-NTf; 57.3 53.3 9.5 100.8 1.5 0.6 
Camna-NTfi 106.1 116.5 14.1 198.4 1.2 1.0 
Csnuim-NTÊ 127.3 128.7 14.8 225.8 1.4 1.2 
Bmym-NT£ 613 35.1 7.4 105.6 1.1 0.5 
BMPY-NTf: 68.7 10.5 121.6 1.4 0.9 
NHjm;-PA 0.31 0.91 0.79 0.90 0.10 
NHb;,-PA 1.88 6.96 3.62 20.20 0.50 0.64 
NHbj-OHPA 0.82 2.59 1.89 3.86 0.10 0.33 
NHes-PA 0.63 1.40 1.30 107 ** 0.22 
NHbj-Ac 0.73 114 1.70 2.96 ** 0J4 
NHbî-CHCA 17.31 43.5 19.1 101.6 3.8 0.43 
NHbi-SA 6.8 17.9 7.6 42.8 1.0 
a Note: * indicates the solute molecule did not elute from the stationary phase before 180 min. ** indicates the 
solute molecule eluted with the dead volume. 
Although there appear to be only slight differences regarding the polarity of ionic liquids 
[16], using single parameter polarity scales, it seems from our results that RTILs may be 
capable of acting as quite polar solvents in the presence of more polar molecules and 
conversely acting as a nonpolar solvent for nonpolar solutes. This dual nature of RTILs 
makes them attractive not only as novel organic solvents, but also as stationary phases in 
GLC. Indeed, it may be possible to design a single RTIL stationary phase that is capable of 
separating a greater variety of compounds than any existing stationary phase or perhaps 
combination of stationary phases. 
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Figure 5.5 Chromatograms demonstrating the dual nature of RTILs. (A) A homologous mixture of n-alkanes is 
subjected to a 15 meter BMIM-TfO column. 1, CH2Cl2; 2, hexane; 3, heptane; 4, octane; 5, nonane; 6, decane; 
7, undecane; 8, dodecane; 9, tridecane; 10, tetradecane; 11, pentadecane. Conditions: initial, 30°Cfor 3 min; 
ramp, 15°C/min to 170°C. (B) A mixture of small chain alcohols is separated by the same BMIM-TfO column. 
1, CH2Cl2; 2, methanol; 3, ethanol; 4, propanol; 5, butanol. Conditions: initial, 35°C for 3 min; ramp, 
fo 770°C 
Room temperature ionic liquid anions consisting of weak bases capable of accepting a 
proton from a carboxylic acid or alcohol exhibited poor chromatographic mass transfer on all 
RTIL stationary phases with the bis[(trifluoromethyl)sulfonyl]imide (NTfa") anion. This 
phenomenon was apparent by inverse GLC and is shown in Figure 5.6 where 1-octanol was 
eluted from the BMIM-NTf2 stationary phase. Although the retention time was only a few 
minutes, the resulting analyte peak was very broad and exhibited severe tailing (as compared 
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to Figure 5.5a). The mass transfer problem may be due to the solute molecule hydrogen 
bonding to the delocalized negative charge across the S-N-S moiety as described previously 
by crystallographic experiments [42]. This is supported by molecular orbital calculations of 
proton dissociation and hydration which indicate a proton dissociation energy of -0.7 
kcal/mol for the bis[(trifluoromethyl)sulfonyl]imide anion after the addition of two water 
molecules [43]. 
Figure 5.6 Chromatogram illustrating poor mass transfer between the RTIL stationary phase (BMIM-NTf) and 
Room-temperature ionic liquids (RTILs) have been used in many areas of chemistry. As 
compared to conventional organic solvents, RTILs are much more complex solvent systems 
capable of undergoing many types of interactions. Characterizing them with a single 
"polarity" term fails to describe the type and magnitude of individual interactions that make 
each RTIL unique. The solvation model uses many solute probe molecules in conjunction 
N T N 
<0 
1-octanol. 
5.4. CONCLUSIONS 
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with inverse GC to quantitatively determine the importance of different RTIL interactions as 
a function of temperature. These results are especially useful in explaining different solvent 
behavior between broad classes of RTILs. 
The anion had the greatest effect on the hydrogen bond basicity of the RTIL, while the 
effect of the cation was generally quite small. The penta-substituted imidazolium salts 
(Cgm^im-NT^ and Cgm^im-NTf^) demonstrated strong n-n interactions by tenaciously 
retaining probe molecules containing electron-rich aromatic systems. RTILs exhibited 
multiple behaviors, which explains why many RTILs act as polar solvents in organic 
reactions containing polar molecules and as less polar solvents in the presence of less polar 
molecules. In addition, the solvation model adequately characterized two effective MALDI 
matrixes by demonstrating their ability to absorb laser light (i.e., existence of a chromophore, 
r-term) as well as their ability to transfer a proton to an analyte (A-term). The two effective 
MALDI matrixes were the only two RTILs to exhibit significant hydrogen bond acidity 
values. The classification of the RTILs based upon dipolarity and basicity provides a model 
that can be used to pick RTILs for specific organic reactions, liquid extractions, or GLC 
stationary phases. 
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CHAPTER 6 
AN EXAMINATION OF IONIC LIQUID-ALKANE INTERACTIONS: 
EVIDENCE OF A SOLVOPHOBIC EFFECT 
Alain Berthod, John J. Kozak, Jie Ding, Jared L. Anderson, and Daniel W. Armstrong 
ABSTRACT 
Enthalpies and entropies of transfer were measured experimentally for a homologous series 
of eight n-alkanes to six different ionic liquids (ILs) (i.e., 1 -butyl-3-methylimidazolium 
chloride, bromide, iodide, triflate and hexafluorophosphate; plus N-butylmethylpyridinium 
bis {(trifluoromethyl)sulfonyl} -imide. The entropie change may be consistent with a 
solvophobic model of n-alkanes in ILs. Although a very simple model can account for the 
thermodynamic data, more sophisticated models, particularly for the enthalpic contributions, 
are desirable. This approach can be used to approximate interionic distances and possible 
dielectric constants for ILs. 
6.1. INTRODUCTION 
The basis for a growing, widespread interest in room temperature ionic liquids (RTILs) is 
the combination of their broad solvation abilities coupled with other unusual and useful 
properties (e.g., negligible volatility, high stability, large liquidus range, tunable properties, 
etc.) [1-3]. The considerable utility of RTILs is manifested by an ever increasing number of 
reports concerning their use in synthesis [4-18], separation science [19-26], mass 
spectrometry [27-30], electrochemistry [31-34], and other diverse areas [35-36], In many of 
these studies, the ionic liquids (and the results obtained therein) were compared and 
contrasted to those of more common molecular solvents. As a result of their increased use, 
efforts to better understand ionic liquids (ILs) and explain their actions became increasingly 
important. Early on it was noted that all ILs seemed to have polarities similar to that of 
propanol [1-3] and partitioning behavior similar to that of dipolar aprotic solvents or short 
chain alcohols [2], However, it also was noted that this simple view was inadequate since 
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different ILs having the same apparent polarity produced very different reaction rates, 
product ratios and yields when used in organic synthesis. Subsequently it was found that ILs 
were better characterized by multiple solvation parameters [37]. 
Other observations concerning unusual and interesting solvation properties properties of 
ILs have been reported. For example, butylmethylimidizolium chloride (BMIM-Cl) was 
shown to dissolve up to 25% cellulose by Rogers and co-workers [38]. Solvophobic 
interactions between RTILs and dissolved surfactant molecules manifested themselves by 
lowering the surface tension of the RTIL solution and the apparent formation of micelles [39, 
40]. This implies that hydrocarbon chains in RTILs and water might behave in a somewhat 
analogous or related manner. 
Not only are the number and variety of studies involving ILs increasing, but a number of 
new types of ILs are being developed as well. There is a growing need for a basic 
understanding of solvation by ILs. Such an understanding may allow more efficient and 
effective design and utilization of ILs as well as provide other insights as to their properties. 
Currently, only a few empirical studies on solvation in/by ionic liquids have been reported. 
EPR was used to determine isotropic hyperfme coupling constants and g values of tempo and 
tempamine in a basic molten salt [41]. The fluorescent probe, coumarin 153, was used to 
evaluate the solvation dynamics of several RTILs [42-47]. It was found that solvation was 
comprised of two time-resolved components. The physical origin of the two components 
stemmed from the polarizability of the organic cation (i.e., the faster component) and the 
slower relative diffusional motion of the cation and anion [47]. In other work it has been 
noted that clathrate formation is common with ILs [48]. 
In this work, we measured the entropies and enthalpies of transfer (between gas and liquid 
phases) of a series of n-alkanes to ionic liquids. The simplest model that could account for 
the qualitative and quantitative experimental trends was examined. Given the 
physicochemical behavior of alkanes and alkane containing solutes in ILs [39, 40], we 
specifically choose an "ordering phenomena" model that is conceptually analogous to the 
effect found in aqueous solutions of certain nonelectrolytes; nonpolar groups can adhere to 
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one another in an aqueous environment (the hydrophobic effect), thereby changing the local 
ordering of the solvent [49]. Both the predicted enthalpies, entropies and their trends with 
increasing alkane molecular weight are compared to experimentally measured values. The 
model is then used in conjunction with the determined enthalpies to examine possible 
dielectric constants and inter-ionic distances of the RTILs. 
6.2. EXPERIMENTAL 
6.2.1. Chemicals 
All chemicals were obtained from Aldrich (Milwaukee, WI) or Sigma (St. Louis, MO). 
They were of analytical grade and used as received. The ionic liquids were synthesized by 
simple reaction of methyl imidazole with butylhalide for 72 hours at 70°C. The triflate ionic 
liquid was formed by methylation of butylimidazole with methyltrifluoromethanesulfonate, 
and the hexafluorophosphate IL was obtained by metathesis of the l-butyl-3-
methylimidazolium chloride (BMIM-Cl) with hexafluorophosphoric acid. The RTIL 
synthesis was described in detail in recent works [19, 37]. Table 6.1 lists some relevant 
properties of the RTILs used. 
Table 6.1 Physicochemical properties of the ionic liquids used in this study. 
Ionic liquid* f.w. m.p. d anion diameter 
Dalton °C g-cm"3 Â 
BMIM-Cl 174.5 65 1.10 3.62 
BMIM-Br 219.1 70 1.30 3.90 
BMIM-I 265.9 4.32 
BMIM-TfO 288 16 1.29 6.40 
BMIM-PF6 284 8 1.36 5.10 
BMPy-NTfà 418 7.57 
*BMIhf length: 11.0 Â, BMIhf width: 5.8 Â; 
BMPy+ length: ] 1.1 Â, BMPy+width: 5.6 Â. 
6.2.2. Capillary Columns 
Six columns were prepared, for the inverse GC measurements on the RTILs, 250 (im i.d., 
polyimide coated silica capillary tubing (Supelco, Bellefonte, NJ) that was cut in 5-meter 
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pieces. The six 5-m capillary columns were statically coated with a 0.25% w/v 
dichloromethane solution of the six RTILs listed in Table 6.1. The full procedure was 
extensively described previously [37]. It produces columns evenly coated with a RTIL film 
of 0.12 (im thickness. The RTIL stationary phase mass and volume are respectively about 
0.6 mg and 0.47 mm3 per column. The column phase ratio (stationary phase volume over the 
mobile phase volume), </>, is 1.9xl0"3 (column volume is 245 mm3 and Ln (p = -6.3). 
The stability of the six capillary columns was checked as follows: Naphthalene was 
injected 6 times at a constant 100°C temperature and at ~8 hour intervals. No changes in 
retention times as well as peak efficiency were noted with the six columns. This indicates 
that there is no measurable stationary phase bleed with the six ionic liquids tested. 
6.2.3. Apparatus 
A Hewlett Packard model 6890 gas chromatograph was used with a HP 6890 integrator. 
The carrier gas was helium used with an inlet column pressure of 0.2 kg-cm"2 or 3 p.s.i. 
giving an average gas flow rate of 1 mL min"1 with an average gas velocity of 30 cm s"1 and 
an average dead time of 15-20 s. Split injections were required (split ratio of 50 to 1). A 
flame ionization detector was used. The injector and the detector were both set at 250°C. 
6.2.4. Protocol 
The Gibbs free energy change of the solute between the mobile and the stationary phase, 
AG0, is given by: 
A G ?  =  - a r ( i )  
where k is the solute retention factor and (j> is the column phase ratio. The enthalpy, AH°, and 
entropy, AS", are obtained from the change in the retention factor with temperature according 
to: 
In k = -AH°/RT + AS°/R + In cj> (2) 
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Slopes and intercepts of the van't Hoff plots ( I n  k  versus 1/T) will give the thermodynamic 
parameters of the solute's transfer from the gas phase to the ionic liquid stationary phase. 
A total of 48 van't Hoff plots were made using eight test solutes [i.e., the linear even 
alkanes from octane (C8) to docosane (C22)] and six different ionic liquid columns (Table 
6.1). All plots were linear in the 80-150°C temperature range with regression coefficients 
equal or higher than 0.995. As indicated previously, the advantage of using inverse GC to 
measure physico-chemical characteristics of ILs is that it is a highly temperature controlled 
environment in which volatile impurities (e.g., H20, C02, etc.) can be excluded [37]. Ionic 
liquids are known to be hygroscopic and water is a well-known contaminant that 
significantly affects their properties. The dead times and/or volumes at all temperatures were 
determined by injecting methane. 
The errors between the experimentally determined enthalpies and the theoretical model 
were determined according to the following equation: 
% Error = [100 - (AHTHEORETICAL / AHEXPERIMENTAL) * 100] 
The experimentally determined enthalpy for one pair of ions was taken to be 44.6 kJ/mole 
and that for the two pairs of ions was 86.1 kJ/mole (see Results and Discussion). 
6.3. THEORY 
A simple, understandable model of hydrocarbon solvation in ionic liquids can be obtained 
using a Madelung-like calculation (to describe the energetics) and simple combinatorial 
arguments (to understand the entropy trends). We are fully aware that a much more rigorous 
and sophisticated theory can, and should, be developed (an area we are working on). 
However, a simple point of departure that provides a first-order understanding of the problem 
can be useful, particularly if it correlates with the experimental data and also triggers the 
interest of others in the field. 
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The impetus for this model was the experimental finding of an interesting entropy 
dependence in RTILs (see Table 6.2). The model outlined here was a way of "asking" 
whether there was something akin to the "hydrophobic effect" at play in these systems [50]. 
Indeed, a recent report that normal micelles may form when surfactants are dissolved in 
RTILs, and that their occurrence is due to a "solvophobic effect" supports this possibility [39, 
40]. 
Table 6.2 Calculated entropy changes according to eq. 7 (in J K1 mol'1) 
ion pairs W(n) 
n2 W(n-l) 
R Ln W(n) 
J K"1 mol1 
R Ln (2n)! 
J K"1 mol"1 
AS 
J K"1 mol"1 
1 2 5.8 5.8 0.0 
2 8 17.3 26.4 -9.1 
3 72 35.5 54.7 -19.2 
4 1152 58.6 88.1 -29.5 
5 28800 85.3 125.5 -40.2 
6 1036800 115.1 166.1 -51.0 
7 50803200 147.4 209.3 -61.9 
8 3251404800 182.0 254.0 -72.9 
9 2.63364 10^ 218.5 302.4 -83.9 
The main hypothesis will be that the presence of an aliphatic chain disrupts the local 
structure of the ionic liquid, and induces a systematic ordering of positive and negative ions 
along the length of the solute alkyl chain. Furthermore, on energetic grounds, it will be 
shown that the ordering of pairs of ions is the preferred configuration. Such ordering has an 
immediate consequence in regard to the entropie, as well as enthalpic, behavior of the 
system. 
6.3.1. Entropy 
Considering the scheme shown in Fig. 6.1, the idealized representation of the ordering of 
successive ionic liquid ion pairs along the hydrocarbon backbone of an alkane solute can be 
used to evaluate the entropie changes induced by such an arrangement. The basic 
conclusion drawn from the energetic (enthalpy) analysis is that the most favorable 
configurations are those in which a first cation/anion pair is aligned, then a second cation/ 
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Figure 6.1 An idealized representation of the ordering of successive ionic liquid ion pairs along the 
hydrocarbon backbone of an alkane solute. The open circles represent the cations and the black circles 
represent the anions. 
anion pair, then a third pair, etc. To realize the first cation/anion configuration (Fig. 6.1, 
top), either the cation or anion can, in principle, be localized first. So, initially, one has two 
choices. But, once the first ionic species is chosen, the partner must be oppositely charged. 
Thus, the number W of possible arrangements for the first ion pair is: 
If one now considers the alignment of two ion pairs as shown by Fig. 6.1 (middle), one of 
four ions should be picked first. Say that a cation is chosen, then the next ionic species must 
be an anion, of which there are two possibilities. Finally, energetically, the next ion must be 
the remaining cation and the remaining anion terminates the two ion pair arrangement. 
Overall, then, the W number for two ion pairs, noted W(2) is: 
Following the same line of reasoning, the alignment of three ion pairs (Fig. 6.1, bottom) 
shows that there are six possible choices for the first ion. Then, there are three choices for 
the next ion that must be of opposite charge. To align the second ion pair, there are two 
possible choices for the next cation and also two possible choices for the partnering anion. 
And, for the last ion pair, there is only one possible choice for the next cation and remaining 
anion. Overall, then, the W number is: 
W = (2) (1) = 2 (3) 
W(2) = (4)(2)(l)(l) = 8 (4) 
W(3) = (6) (3) (2) (2) (!)(!) = 72 (5) 
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Considering a few more examples allows one to deduce the following general expression: 
W(n) = 2[n(n-l)!]2 (6) 
Table 6.2 lists the W(n) values up to 10 ion pairs. 
Using the classical Boltzman thermodynamic relation between the number W(n) of 
arrangements and the entropy, 
S(n) = k ln W(n) (7) 
the entropy S(n) can be calculated as a function of the number n of ion pairs aligned on the 
hydrocarbon backbone. The reference state is specified for the case where the cation and 
anion are discharged, and both species can be laid down randomly along the alkyl chain. The 
associated entropy in this case is given by the standard expression for 2n indistinguishable 
particles, viz., 
So = kln(2n)! (8) 
Thus, relative to this reference state and on a molar basis, the change in entropy is given by: 
AS = R [ln W(n) - ln (2n) ! ] (9) 
R being the gas constant (R = kN). 
To get a sense if the analytic dependence of the entropy variation as a function of the 
number (n) of associated pairs of ions, one can use Stirling's approximation to simplify Eq. 
(15) to read: 
AS ~-2 R n ln 2 + AS0 (10) 
AS is evident; the model predicts that the change in entropy should decrease linearly with n. 
One can compute the exact slope from the data in Table 6.2, and the result is -10.7 J/K mol. 
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6.3.2. Enthalpy 
Considering again Fig. 6.1, cations repel each other and attract anions according to 
Coulomb's law: 
Force = ' (+ze><+^) (11) 
4 ns0e a 
where z is the valence of the ions, e the basic unit of charge (1.6 x 10~19 C), a the separation 
between the two ions (in m), e is the dielectric constant factor (e = 1 in vacuo), €0 is the 
permittivity of free space (8.8542 x 10"12 C2 N"1 m"2) and the constant term 1/4/7e0 is 9 x 109 
N m2 C'2. 
The dielectric constant, e, is the physico-chemical parameter indicating the magnitude of 
the decrease of the Coulombic attraction due to the medium. For reference, typical 
dimensionless dielectric constants, e, for some typical liquids, solids and gases are listed in 
Table 6.3. It is well-known that the dilute state of gases (20°C and 1 atm) does not 
appreciably decrease the Coulombic attraction of ions, whereas liquids with a strong dipole 
moment can decrease this attraction by two orders of magnitude (hydrogen cyanide, N-
methylformamide). The dielectric constant of solid salts is often around 10 (Table 6.3). 
The Coulombic energy is the product of the force times the separation distance between 
two ions, 
= (12) 
47l£0£ a 
Following the logic of a classical Madelung-constant calculation [51], it is assumed that a 
cation is localized in the immediate neighborhood of the hydrocarbon chain and a second ion 
moves into the vicinity. If this second ion is another cation, the Coulombic energy will be 
positive, i.e. repulsive, and this pairing will not be stable. If the second ion is an anion, the 
configuration will be stabilized by an energy E 
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E l .2  =  
— zz' e2 
4ÏÏ£0£ a 
(13) 
since the ionic liquid ions all have the same charge (Fig. 6.1 top). 
Table 6.3 Dielectric constants of selected compounds at 293 K 
compound E Compound e 
Gas 
nitrogen 1.0004 Methane 1.0008 
oxygen 1.0005 Propane 1.0019 
Liquids 
hexane 1.89 Pyridine 13.3 
hydrogen chloride (-15°C) 6.35 sulfur dioxide 16.3 
chloroform 4.81 Dimethylsulfoxide 47.2 
1-octanol 10.3 Acetamide 67.6 
1-propanol 20.8 Water 80.1 
ethanol 25.3 Formamide 111 
methanol 33.0 hydrogen cyanide 115 
methylisobutyl ketone 13.1 N-methylformamide 189 
Solids 
NaCl 5.9 AgCl 11.1 
CsCl 6.3 BaS04 11.4 
NH4C1 6.9 PbS04 14.3 
NaNO; 6.85 TINO3 16.5 
Data from D.R. Lyde, Handbook of Chemistry and Physics, CRC Press, 81st ed, 2000 
The question now arises as to what happens when a third ion is added to this system. In 
the linear array shown in Fig. 6.1 (middle), that ion would be a second cation. Hence, 
relative to the first pair of ions, the Coulombic energy of the addition of this single ion to the 
existing pair would be 
£1,3 = -zz' 
Ajtsns a 2a An£n£ 2a 
(14) 
Bringing a second anion to complete the configuration, making two pairs of ions as displayed 
in Fig. 6.1 (middle), the energy for the incoming second anion would be 
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E X A  — — + —) = —^- — (1-1 + 1) = —^-—(0.8333...) (15) 
4tt£0£ a 2a 3a Ansns a 2 3 4^^ a 
The point to note is that bringing a single ion to a pre-existing pair is less energetically 
favorable than complementing the first pair of ions with a second pair. This trend continues 
as more ions are added. Table 6.4 lists the energy needed to bring more ions one after the 
other. The energy term, E1>n, for n ions can be expressed by the summation: 
(16) 
4ks0s a ~TX I 
which converges to -In 2 zz' e2/(An e0ea) or -1.6 1C)~2S/(ea) J. 
Table 6.4 Energy in units of (-z2e2/4Tre0ea) needed to bring successive ions along the hydrocarbon chain. 
Ion number coefficient for the n' ion cumulative energy 
2  1  1 (1  ion  pa i r )  
3 0.5 
4 0.8333... 2.333... (2 ion pairs) 
5 0.5833... 
6 0.7833... 3.7 (3 ion pairs) 
7 0.6166... 
8 0.75982 5.076... (4 ion pairs) 
oo Ln 2 = 0.69315 
Since we have now shown that the energetically-preferred organization of ions along the 
one-dimensional aliphatic chain is n ion-pairs (2n ions), we can now proceed to calculate the 
total Coulombic energy (£» of a given array, viz. 
£ r = Î X i  ( 1 7 )  
1=2 
The energy for one pair of ions is expressed by eq. 13. With two pairs of ions (Fig. 6.1, 
middle), the total energy is 
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Ej>n - {Ei2+E]3+E]4+E23+E24+E34} or 
— zz' e2 
^{2.333...} (18) 
47T£0£ a 
Similarly with three pairs of ions (Fig. 8.2, bottom), it is 
(19) 
47T£0£ a 
The successive coefficients for additional pairs can be calculated as 5.076, 6.456 and 
7.839, for 4, 5 and 6 ion-pairs respectively, clearly showing a linear decrease in ET with 
increase in the number of pairs associated with the alkyl chain (Table 6.4). This energy 
change is directly related to the enthalpy change, AH, associated with alkane-ionic liquid 
solvation, and can be correlated with the experimentally derived valued and trends that will 
be presented in the Results and Discussion section of this paper (vide infra). 
6.4. RESULTS AND DISCUSSION 
Figure 6.2 shows plots of the enthalpies and entropies of transfer from the gas phase to six 
different ionic liquid phases (Table 6.1) for eight even n-alkanes (from C8 to C22). Three 
things are immediately obvious from this data: (1) there is very little difference in the 
enthalpies and entropies of transfer for a given n-alkane to different ionic liquids, (2) longer 
(larger) alkanes have more negative enthalpy and entropy values, and (3) there is a linear 
relationship between the enthalpy and entropy values and the carbon number of the 
n-alkanes. Table 6.5 lists the average AH and AS for each of the eight n-alkanes, along with 
their various size parameters and densities. The relationship linking AH, the enthalpy 
variation, to nc, the carbon number of the hydrocarbon alkyl chain, is: 
AH =-3.51 n c ~  9.66 (inkJmoV1) (20) 
r2 = 0.9974 
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Figure 6.2 Top, enthalpy variation, in kJ mol'1 obtained for the alkane test solutes. Bottom, entropy variation 
in J mol'1 K'1. Diamonds: BMIM CI; Squares: BMIM Br; Triangles: BMIM I; Plus: BMIM PF6; Xs: BMIM 
TfO; Circles: BMPyr NTf2. The lines are the average regression lines. 
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Table 6.5 Enthalpy and entropy variations obtained experimentally by gas chromatography with ionic liquid 
stationary phases. 
Solute f.w. 
dalton 
Length 
A 
nc d (20°C) 
gem"3 
AH 
kJ mol"1 
AS 
J mol"1 K"1 
octane 98 l l . l  8 0.699 -36.4 -65.5 
decane 122 13.3 10 0.730 -44.6 -77.0 
dodecane 146 15.6 12 0.749 -53.2 -86.7 
tetradecane 170 18.0 14 0.763 -58.8 -93.7 
hexadecane 194 20.1 16 0.773 -66.5 -100.8 
octadecane 218 23.0 18 0.780 -73.5 -111.0 
eicosane 242 25.4 20 0.789 -79.3 -117.2 
docosane 266 28.0 22 0.794 -86.1 -127.4 
Similarly, the relationship linking AS, the entropy variation, to nc is: 
AS = -4.25 n c -  33.6 (in J mol"1 K"1) (21) 
r2 = 0.9957 
The above two equations are valid for all six ionic liquids studied and they do not depend 
significantly on the anion nature and/or size. 
6.4.1. Entropy changes 
The magnitude of the AS experimental values are between -65.5 J K4 mol"1 for octane and 
-127.4 J K"1 mol"1 for docosane (Table 6.5) with a linear relationship between the alkyl chain 
length (number of carbon atoms in the alkyl chain) and the entropie change (slope -4.25 J K"1 
mol"1 per carbon atom, eq. 21). The theoretical model predicts AS values of approximately 
twice this magnitude with a linear relationship between the number of ionic liquid ion pairs 
associated with the alkane and a slope of -11.5 J K^mol"1 per ion pair (eq. 10). This 
discrepancy is easily resolved by slightly altering (or making an addition to) the simple 
model in Fig. 6.1. This is shown in Fig. 6.3 where an additional pair of ions can be aligned 
either linearly on the same side of the alkane, or on the opposite side on an alkane. While the 
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energy of both configurations is similar, the entropy is not. Overall the combinatorial factor 
for this second scenario is: 
W(n) = 2{n(n-1)!}2{2"} (22) 
If one now proceeds in the same way to calculate the slope (AS), a result of —4.7 J-K^-moV1 
is obtained (which is quite close to the experimental value). 
Qualitatively, then, the decrease in AS with increase in chain length, as documented in 
Table 6.2, is entirely consistent with the representation diagrammed in Fig. 6.3, whereby an 
increase in chain length can be accompanied by an increased number of paired ions 
associated with an n-alkane. 
First pair of ions 
Second pair of ions 
Figure 6.3 Pairs of ions can be aligned either on the same "side" or the opposite "side" of the alkane. As 
noted in the Results and Discussion, these two arrangements are energetically similar, but entropically 
different. 
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6.4.2. Enthalpy changes 
The experimentally measured enthalpies, and their trends for the homologous series of 
n-alkanes, can be compared to the values and trends predicted by Eq. 16 provided the 
dielectric constant (s) and the interionic distance (a) of the ionic liquid is known. 
Conversely, Eq. 16 can be used in conjunction with the experimentally measured enthalpies 
to estimate values of (s) and (a) for the ionic liquid. The number of ion pairs directly 
associated with the n-alkane (Fig. 6.1), provides the coefficient needed to calculate the 
energy values of interest. By picking a reasonable series of (a) and (s) values that are likely 
to span the actual values (see Table 6.3 for example) a series of enthalpies can be calculated 
for any number of paired ions. This was done and the results are given in Table 6.6. The 
first thing that should be noted about this series of calculated enthalpies is that all the trends 
are identical. That is, the model predicts that all enthalpies become more negative when the 
number of associated paired ions increases (i.e., more ions associate with longer alkyl chains) 
and this same trend is found experimentally (Table 6.5 and Figure 6.2). The second point to 
be noted is that the same magnitude AHs can be obtained for different values of (s) and (a). 
This can happen when the (s) and (a) values are directly transposed (Table 6.6 gives one 
example of this). However, as is noted in the following paragraph, only a narrow range of (s) 
and particularly (a) values are possible. 
Low temperature crystal structures (and/or Raman studies) have been reported for 
BMIM-C1 and BMIM-Br [52, 53]. The minimum interionic distance for these solids is 
approximately 0.2 nm. Hence, it can be assumed that 0.2 nm < a < ~0.3 nm for typical ionic 
liquids. 
The number of ions (pairs of ions) that can solvate an n-alkane is limited by geometrical 
constraints. Table 6.5 gives the extended chain lengths of the n-alkanes. Table 6.1 gives the 
dimensions (lengths, widths and diameters) of the ions that comprise the various ILs. The 
length of the IL cation is similar to that of octane. Its width is about half its length. Hence, 
depending on its orientation, the BMIM cation would contact between ~0.5 to a little more 
than 1.0 nm of an n-alkane (between nc= 4 to ~nc= 8). The anion (except for NTf2") would 
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occupy somewhat less space (~nc= 3 or ~0.5 nm). Therefore, a pair of IL ions next to an n-
alkane (Fig. 6.1) could occupy a distance as little as -1.07 nm (nc~8) to as much as -1.6 nm 
(nc~12) depending on whether the cation lies lengthwise or widthwise (note that these 
distances include a 0.2 nm interionic space). 
Limits as to the ionic liquid's dielectric constants are probably within the range of values 
for known liquids and solid salts (Table 6.3). However, even this rather large range (i.e., 
hexane = 1.89 to N-methylformamide = 189) can be narrowed somewhat given the facts that 
ILs are molten salts (solid salts range from s -4 to 20) and have apparent polarities similar to 
short chain alcohols (s -10 to 33) (see Table 6.3). 
Table 6.6 Calculated enthalpy changes according to eq. 16 (in kJ mol'1) 
dielectric constant 
€ 
1 4 10 10 13.5 16 10 20 
distance a 
(nm) 4 1 0.5 0.35 0.3 0.25 0.2 0.2 
n 
number of 
ion pairs 
coef. E kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
E 
kJ mol"1 
1 1 -34.6 -34.6 -27.7 -39.6 -34.2 -34.6 -69.3 -34.6 
2 2.33 -80.8 -80.8 -64.6 -92.3 -79.8 -80.8 -161.6 -80.8 
4 5.076 -175.8 -175.8 -140.6 -200.9 -173.6 -175.8 -351.5 -175.8 
6 7.839 -271.4 -271.4 -217.2 -310.2 -268.1 -271.4 -542.9 -271.4 
a) See text and Table 6.3 
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Eq. 17 can now be used in conjunction with the experimentally measured enthalpies 
(Table 6.5) in order to evaluate the most likely interionic distances and dielectric constants 
for these ILs. We utilize the previously discussed dimensions of the ILs and the n-alkanes to 
determine the possible number of paired ions in the immediate vicinity of a given length n-
alkane. Within these limits, the % error or difference between the theoretically predicted 
enthalpy and those determined experimentally can be determined for any selected values of 
(a) and (s), see Experimental Section for the calculation. This was done and typical results 
for one pair and two pairs of ions solvating an n-alkane are shown in Figures 6.4 and 6.5 
respectively. Note that in both cases there is a similar minimum error/difference between the 
theoretical and experimental enthalpies near the optimum values of (a) and (a) (which are 
circled in Figures 6.4 and 6.5). Using this data the average ionic liquid's dielectric constant 
(s) is -13.5 and the average interionic distance is -0.25 nm (2.5 10~10 m). Also note that 
similar minimum errors can be obtained using other values of (a) and (s). However, these 
can be easily excluded when those values are beyond the range of possibility (vide supra). 
For example, interionic distances of less than 0.2 nm can give an equally small error if a high 
enough (s) is used. But, since 0.2 nm is the minimum interionic distance in the crystalline 
solid, it is not likely to be less for the IL. 
6.5. CONCLUSIONS 
The dissolution of n-alkanes in room temperature ionic liquids can be modeled using the 
ordering of the IL solvent along the extended hydrocarbon in a manner conceptually similar 
to that which occurs in aqueous solutions of nonelectrolytes [49]. However, there are 
specific differences. For example, it is energetically and entropically favorable for ILs to 
solvate as pairs of ions (Fig. 6.1). Indeed simple expressions were derived, based on this 
model, that allow calculation of AS s and AHs that are comparable in magnitude and trend to 
experimentally measured values. Both the enthalpy and entropy become more negative as 
the chain length of the alkane increases. There is little difference among the ILs tested, in 
their solubilization behavior toward the n-alkanes. Using both the experimentally determined 
enthalpy and the theoretical expression for solvation energy, the dielectric constant and 
interionic distance for the studied ILs were estimated to be approximately 13.5 and 0.25 nm 
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respectively. Indeed, we continue to work on more sophisticated models that include these 
additional interactions and cavity formations in the IL. It is hoped that the simplicity of the 
current model and its ability to describe the experimental results will provide an impetus for 
other theorists to become engaged in this area and provide a more comprehensive 
understanding of the problem. 
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Figure 6.3 Bubble plot comparing the experimental and predicted enthalpies of solvation required to form one 
ordered ion pair of an ionic liquid cation and anion next to an alkane molecule as a function of the dielectric 
constant (s) and interionic distance (a). The magnitude of the interionic distance is expected to be slightly 
larger than that determined by X-Ray crystallography (a > 0.2 nm). The error associated with comparing the 
experimental value for the enthalpy of solvation for one ion pair (44.6 kJ/mol) to the theoretical model is 
illustrated by the size of the circle in the plot (see bottom right hand corner for legend) and was calculated as 
described in the Experimental. The smallest circles (~ 4-8%) in which the experimental and theoretical values 
closely match occur with a dielectric constant range of 11 < s < 15 and an interionic distance of 2.1 nm < a < 
2.7 nm. 
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Figure 6.4 Bubble plot comparing the experimental and predicted enthalpies of solvation required to form two 
ordered pairs of ions for an ionic liquid cation and anion nest to an alkane molecule as a function of the 
dielectric constant (e) and interionic distance (a). The magnitude of the interionic distance is expected to be 
slightly larger than that determined by X-Ray crystallography (a > 0.2 nm). The error associated with 
comparing the experimental value for the enthalpy of solvation for two ion pairs (86.1 kJ/mol) to the theoretical 
model is illustrated by the size of the circle in the plot (see bottom right hand corner for legend) and was 
calculated as described in the Experimental. The smallest circles (~4-8%) in which the experimental and 
theoretical values closely match occur with a dielectric constant range of 13 < s < 17 and an interionic 
distance of 2.1 nm < a < 2.7 nm. 
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chapter 7 
overview: 
chiral ionic liquids: synthesis and applications 
A paper published in Chirality 4 
Jie Ding and Daniel W. Armstrong 
ABSTRACT 
Over the last ten years, interest and publications involving ionic liquids have expanded 
exponentially. Thus far, they have predominantly been used in organic synthesis and 
separations. However, their use is rapidly expanding into other areas of science and 
technology. Research involving chiral ionic liquids has been much more limited and only 
recently has come to the forefront. In this work, we review the synthesis of chiral ionic 
liquids and their use. Today, this is an area of research that is poised for rapid development 
and expansion. 
7.1. INTRODUCTION 
Molten salts are liquids that contain only ions, which is to say they are ionic liquids (ILs). 
Today the IL moniker is used for those low melting point salts that have an organic cation. 
The melting points of most salts are sufficiently high as to render them of limited use as 
solvents, particularly for organic species. Until the last decade, it was thought that salts 
having low melting points were rare, especially those with melting points near or below room 
temperature, i.e., room-temperature ionic liquids (RTILs). 
We now know that a variety of RTILs can be synthesized and that they generally consist 
of organic salts or mixtures of an organic ion plus a relatively large, often poorly 
4 Reprinted from Chirality 2005, 17, 281-292. Copyright © 2005 with permission from John Wiley & Sons, Inc. 
137 
coordinating inorganic ion. Typically, the cationic portion of an IL is a quaternary or 
protonated ammonium or phosphonium ion. Various 7V,Ar,-disubstituted imidazolium cations 
are very common components of ionic liquids. Among the more useful properties of ionic 
liquids are the following: (1) they are relatively nonvolatile, which means they do not 
produce atmospheric volatile organic carbon (VOCs) and can be used in low-pressure 
(vacuum) environments; (2) they are nonflammable; (3) they are good solvents for a wide 
variety of organic and inorganic compounds; (4) they can be considered both a polar and a 
noncoordinating solvent; (5) they are the most complex and versatile of solvents in that they 
have the ability to interact via hydrogen bonding, tz-tz, n-n, dispersive, dipolar, electrostatic, 
and hydrophobic interactions; (6) they can be immiscible with nonpolar organic solvents 
and/or water; (7) they have physicochemical properties that can be altered/controlled by 
judicious selection of the cation and/or anion. 
Thus far, the single greatest use of RTILs is as an alternative to conventional solvents for 
organic reactions [1], This area has been reviewed and continues to grow in importance. 
Organometallic [1, 2] and enzymatic syntheses [2c, 3] have been reported in ILs as well. 
Recently, an ionic liquid became an integral part of a large-scale commercial manufacturing 
process of alkoxyphenylphosphines [4], The use of ionic liquids has been expanding into 
areas of analytical chemistry, including electrochemistry [5], separations [6], and mass 
spectrometry [7], The vast majority of studies involving RTILs involve achiral syntheses. 
Research on the synthesis and use of chiral ionic liquids is in its infancy. However, there are 
a growing number of reports indicating that chiral ionic liquids (CILs) may be useful in many 
areas of science and technology. In this paper, we first examine and review the literature on 
the synthesis of CILs, and then we discuss their applications. 
7.2. SYNTHESIS OF CHIRAL IONIC LIQUIDS (CILs) 
7.2.1. Prelude to CILs 
At least two papers foreshadowed the advent of chiral ionic liquids [8, 9]. In both cases, 
chiral imidazolium cations (note that imidazolium-based cations are frequently components 
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of ILs) were synthesized and then used in another synthetic process. 
In 1996, Herrmann and co-workers reported the synthesis of N-heterocyclic carbenes of 
the corresponding imidazole and demonstrated their use as controlling ligands for 
asymmetric homogeneous catalysis (Fig. 7.1) [8], Unfortunately, there was no subsequent 
interest in the solid precursor (i.e., the chiral imidazolium chloride salt I). 
•X / 
CH3 
R 
C\ 
NH9 
H \  / H  ^  H C C H  H Q  C H  
o 1-1,2 
R—1. C6H5, 2. C10H7. 
HX XH 
Figure 7.1 Method used to prepare the chiral heterocyclic carbene [8]. 
In 1997, Howard et al. studied a homochiral moisturestable dialkylimidazolium bromide 
salt II as Lewis acid catalysts (0.2 equiv) in the Diels-Alder reaction between 
cyclopentadiene and crotonaldehyde or methacrolein (Fig. 7.2) [9], Although good endo/exo 
product ratios were achieved (93:7 and 10:90 for crotonaldehyde/cyclopentadiene and 
methacrolein/cyclopentadiene, respectively), less than 5% enantiomeric excesses were 
observed. 
Me3Si-
V 
(s)-1 -bromo-2-methylbutane 
toluene, 110°C 
21% 
II 
Figure 7.2 Synthesis of N,N-di(2'S-2'-methylbutane)imidazolium bromide [9]. 
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7.2.2. The Appearance of CILs 
The first reported chiral ionic liquid was 1 -butyl-3-methylimidazolium ([BMIM]) lactate 
III by Seddon et al. in 1999 [10]. Even today, this is one of the few examples of a chiral 
ionic liquid in which the chirality is provided by the anion. This chiral ionic liquid was 
prepared by anion exchange between [BMIM] [CI] and sodium (S)-2-hydroxypropionate (Fig. 
7.3). Various ILs were used as safe recyclable alternatives to lithium perchlororate-diethyl 
ether mixtures in Diels-Alder reactions. In particular, the chiral lactate ionic liquid was used 
as the reaction solvent for the achiral ethyl aery late and cyclopentadiene. The Diels-Alder 
products and starting materials were isolated by decanting the upper organic layer. 
Reasonable conversion rates and good endo/exo selectivities of 4.4:1(2 h) and 3.7:1 (24 h) 
were achieved. Nonetheless, no enantioselectivity was observed in the reactions in which 
[BMIM] [lactate] was the reaction medium. 
Figure 7.3 Synthesis of [BMIM] [lactate] [10], 
In 2002, Wasserscheid et al. reported the synthesis of several new chiral ILs derived 
directly from the "chiral pool" [11]. Many different chiral ionic liquids of this type can be 
practically produced since the chiral starting materials are available and affordable. The 
inherited chirality of these ILs can be explored when they are used as reaction solvents in 
asymmetric organic reactions. Another advantage of this synthetic approach is that high 
yields often are obtained. 
Three different groups of chiral cations IV VI (Fig. 7.4) were reported in this 
communication [11]. Figure 7.4 (a) shows the preparation of oxazolinium salts from (S)-
valine methyl ester and propionic acid. The relatively high melting points, low overall 
reaction yield (40%), and especially the low stability of the oxazoline ring under acidic 
conditions limit the practical use of this particular type of IL. Two other chiral 
Acetom H3C—c—c—o 
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Figure 7.4 Chiral ILs derived from the "chiral pool" [11]. 
141 
hydroxyammonium salts were prepared in a similar manner (Fig. 7.4 (b), (c)). Briefly, the 
enantiopure aminoalcohols were methylated by dimethyl sulfate in dichloromethane. The 
solvent was removed under reduced pressure, and the residue was dissolved in water. 
Addition of an aqueous solution of N-lithiotrifluoromethanesulfonimide led to the separation 
of an ionic liquid phase which then was then washed three times with water. The final 
product was heated under reduced pressure at 100°C to eliminate the remaining water [11]. 
The purity of the product was verified by 1H NMR. Diastereomeric interactions were 
observed between the enantiopure chiral IL V and a racemic mixture of the sodium salt of 
Mosher's acid by monitoring 19F-NMR spectroscopy [11]. This observation indicated that 
these chiral ILs may be attractive candidates for many applications in chemical synthesis and 
separation science. 
Also in 2002, Saigo et al. reported the first synthesis of a novel imidazolium-based type of 
IL with planar chirality [12]. The structure of the IL cation (VII) of this cyclophane-type 
entity is shown in Figure 7.5. Diastereomeric interaction between the cation VII and the 
chiral anion ( 1 S)-(+)-10-camphorsulfonate was demonstrated by the 1H-NMR spectrum. 
Unfortunately, this new type IL was produced only in its racemic form. Therefore, further 
separation techniques (such as chiral HPLC or crystallization) will be needed for the isolation 
of the two enantiomers in order to evaluate their potential usefulness as chiral ionic liquids 
(CILs). 
CH3 
H3C 
vii 
Figure 7.5 Structure of cyclophane-type imidazolium cation [12], 
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In 2003, Bao et al. described the synthesis of chiral imidazolium ILs VIII IX (Fig. 7.6) 
from chiral amines (D-a-phenylethylamine) or natural amino acids (L-alanine, L-leucine, 
and L-valine) in four steps with 30-33% overall yields [13]. The same approach has been 
used for L-isoleucine by our group which can introduce two chiral centers to the final CIL 
cation, X [14]. These ILs derived from natural amino acids have melting points lower than 
room temperature (ranging from 5 to 16°C), making them potentially useful solvents for 
asymmetric reactions. 
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Figure 7.6 Synthesis of chiral ILs from (a) a chiral amine [13] and (b) natural amino acids [13, 14]. 
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Gaumont and co-workers described the synthesis of a new class of chiral ILs (XI, XII) 
based on thiazolinium salts [15]. The methodology is outlined in Figure 7.7. Various chiral 
thiazolinium ILs were obtained by alkylation of chiral thiazoline followed by metathesis of 
the anion. Melting points of these new thiazolinium ILs fell in a range from 137°C to 
temperatures below 0°C. The differences in melting points were due to the different length of 
the /V-alkyl chains and the nature of the counter anions. Unlike the chiral oxazolinium-based 
ILs, the thiazolinium ILs had good stability under basic and even acidic conditions. The 
authors stated that the uses of these ILs in separations and asymmetric syntheses were being 
investigated. 
MeS02Cl 
Et,N 
R R 
X"=PF6", BF4", NTf2" R=l- n-Bu, 2. n-C12H25 
xii xi-1,2 
Figure 7.7 Synthesis of thiazoline based chiral ILs [15J. 
Recently Gaumont, Plaquevent, and co-workers published a review summarizing 
enantioselective reactions done in achiral ionic liquids [16]. In addition, asymmetric 
biocatalysis in ILs was covered. In the last part of this review, they listed examples of chiral 
ionic liquids from the literature (which have already been discussed in this monograph) as 
well as two more examples of new chiral ILs that were synthesized. One was chiral IL XIII 
(see Fig. 7.8) which was derived from natural (S)-nicotine (which was patented by Kitazume 
in 2001) [17]. The synthesis of the nicotine-based chiral IL is illustrated in Figure 7.8. 
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Another new chiral IL XIV (see Fig. 7.9) was proposed as well [16], which is the synthesis 
of chiral pyridinium ionic liquid crystals with axial chirality by enantioselective 
dehydrohalogenation using chiral alkoxides. An important fact is that this pyridinium based 
IL was obtained successfully via an enantioselective reaction rather than derived from 
"chiral pool". Figure 7.9 illustrates the preparation steps. 
sx\V 
EtBr. ^ "N+ LiNTf -, 
/ ^CHg 
Br" 
Et 
/ CH, 
z 
XIII 
Et 
Figure 7.8 Nicotine based chiral IL [17], 
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Figure 7.9 Preparation of a pyridinium chiral IL [16]. 
In 2004, Vo-Thanh et al. designed an efficient method for the preparation of chiral 
ephedrinium ILs (XV) using solvent-free conditions and microwave (MW) activation [18]. 
The synthesis of these ILs involved two steps (Fig. 7.10). First, (1R,2S)-N-
alkylmethylephedrinium bromide salts were produced by direct alkylation of (1R,2S)-N-
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methylephedrine. Four different alkyl chain lengths were tested [18]. In order to lower the 
melting points, anion exchange of the ( 1 R,2S)-7V-alkylmethylephedrinium bromide salts with 
alkaline or ammonium salts of large anions (BFzf, PFe", NTfa") was followed as a second step. 
Ten of the final 12 ILs had melting points that were lower than room temperature. In contrast 
to conventional synthetic methods, all these reactions were conducted in the CEM Discover 
monomode system (CEM Corp., Matthews, NC) and in the complete absence of any solvent 
[18]. The advantages of this method include appreciable reduction in reaction times, 
enhancement in conversion amounts, as well as the fact that the reaction is environmentally 
friendly because no solvent is employed. 
IN l'R 
H0</ 
•1'* 
[ f l  + RBr 
MV 
H0</X 
No solvent i T l  
Br" 
R—1. C4H9, 
2. C8H17, 
3. C10 H2I, 
4
- C16H33. 
+ MX 
X=BF4, 
PF6, 
NTf2. 
MV 
No solvent 
XV-1 
-2 
-3 
-4 
X" 
Figure 7.10 Solvent free microwave-assisted preparation of (1R, 2S)-N-alkylmethyl-ephedrinium ILs [18]. 
An example of a chiral ester-imidazolium IL (XVI) with a melting point of 73°C was 
reported recently by Mikami et al. [19]. Several chiral ILs (XVII-XX) with even lower 
melting points (<73°C) can be obtained after anion exchange. Figure 7.11 summarizes the 
proposed method and all the reported IL products [19]. 
Viguerie et al. reported the synthesis of some new pyridinium CILs (XXI-XXIV) from 
pyridine and chiral primary amines [20]. Figure 7.12 shows the steps of the syntheses. 
Physical properties (glass transition temperature, optical rotation, density, viscosity, and 
surface tension) of these salts were determined and are listed in Table 7.1. They claimed that 
only XXIV is a RTIL which is thermally stable up to 215°C and is a suitable solvent for 
organic synthesis. 
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OH 
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Figure 7.11 Preparation of ester-imidazolium ILs [19], 
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Figure 7.12 Synthesis of pyridinium based chiral ILs [20]. 
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Table 7.1 Physical properties of the pyridinium CILs (data taken from Ref. 20) 
r 120 Surface 
CILs Cation Tg l«L Density Viscosity (CD) tension 
configuration (°C) ( c l %  
MeOH) 
(g/cm3) 20°C 25°C (mN/m) 
25°C 
XXI S-
R-
+125 
+125 
-45.2 
+44.9 Not Determined 
XXII S- +65 -11.5 Not Determined 
R- +65 +11.5 
XXIII s-
+110 -9.4 Not Determined 
R- +107 +8.9 
XXIV S- -30 -22.3 1.33 ±0.02 428 288 37.9 ±0.1 
R- -30 +21.5 1.31 ±0.04 411 279 37.9 ±0.1 
Tosoni et al. reported the synthesis of chiral 1/7-imidazolium bromides (XXV), chiral 
pyridinium ionic liquid (XXVI), and the Ci-symmetric 1,3-dicitronellyl- l/f-imidazolium 
bromide (XXVII) [21]. They also studied the phase behavior of these CILs in mixtures with 
smectic and nematic liquid crystals. The chirality of these CILs is derived from the chiral 
citronellol (Fig. 7.13). The first step involves conversion of the (3R)-citronellol to the 
corresponding citronellyl bromide. Alkylation of 1 -alkylimidazoles and pyridine with the 
citronellyl bromide forms the chiral ILs XXV and XXVI, respectively [21]. Chiral ionic 
liquid XXVII was produced via deprotonation with tetrabutylammonium hydroxide and then 
reacted with 2 equiv of the citronellyl bromide [21]. 
Wang researched chiral pinene-based ILs in her master studies at the New Jersey Institute 
of Technology [22]. Figure 7.14 summarizes the overall steps for the synthesis of CILs 
(XXVIII XXX) starting from (lS)-(-)-a-pinene. The total yield of these CILs varied from 
50% to 70%. 
Early in 2005, Kim et al. reported a Mitsunobu alkylation of imidazole to produce the 
chiral iV-alkyl-substituted imidazoles which can be used as precursors to make desired 
imidazolium-based ionic liquids [23]. Figure 7.15 shows some examples of this approach. In 
all cases, experimental condition C was the optimum format in that it provided the highest 
yield. They also claimed that two of the chiral iV-alkyl-substituted imidazoles (see Fig. 7.15, 
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Figure 7.13 Synthesis of CILs derived from (3R)-citronellol [21], 
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Figure 7.14 Synthesis of CILs derived from a-pinene [22], 
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#2 and #4) were successfully converted into the corresponding chiral ILs (XXXI) by reaction 
with iodomethane. This work demonstrated a valuable alternative approach to the preparation 
of chiral imidazolium-based ionic liquids. 
Finally, Figure 7.16 illustrates several new chiral ILs (XXXII XXXVII) derived from the 
"chiral pool" by our group [14, 24]. From our experience, some of the chiral ILs, such as 
XXXII XXXIV can be obtained by anion exchange between a commercially available 
halide salt and TV-lithiotrifluoromethanesulfonimide. Because the bis(trifluoromethane-
sulfon)imide ILs are immiscible with water, the final ILs phase can be easily removed from 
the water phase and therefore can be purified by several washes with water. The chirality of 
these CILs comes from (-)-7V-benzyl-7V-methylephedrine (XXXII), D-(+)-carnitinenitrile 
chloride (XXXIII), and (-)-scopolamine TV-butyl bromide (XXXIV). Other types of CILs 
(XXXV XXXVII) were made containing the imidazolium cation. The chirality was 
introduced from the side chain at AM position on the imidazole ring for XXXVI and 
XXXVII. CIL XXXV was made from aforementioned CIL I I (see Fig. 7.1) by metathesis 
reaction [8, 14]. From previous work, the imidazolium-based ILs might be more thermally 
stable than the ammonium ion-based ILs [14, 24, 25]. 
o 
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Figure 7.15 Synthesis of chiral N-alkyl-substituted imidazoles via Mitsunobu alkylation and an example of 
chiral imidazolium based ionic liquid based on one of the precursors (#2) [23]. 
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Figure 7.16 Chiral ILs designed by the authors [14, 24]. 
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7.3. APPLICATIONS OF CHIRAL ILS 
As mentioned in the previous section, although many groups tried to use their newly 
synthesized CILs either as solvents or as chiral catalysts in various asymmetric organic 
reactions, no significant enantioselectivities (<5% ee) were observed. Recently, however, 
Vo-Thanh et al. designed an efficient method for the preparation of chiral ILs (XIV) under 
microwave (MV) activation [18]. They alsoreported the use of these ILs as reaction media in 
the asymmetric Baylis-Hillman reaction between benzaldehyde and methyl acrylate (Fig. 
7.17) [26]. The experimental results indicated that significant enantiomeric excesses were 
obtained for the first time in chiral solvents. CIL XV-2 (R = C3H17, X = OTf, Z = OH) (see 
Fig. 7.10) was used as the solvent for this 1,4-diazabicyclo[2,2,2]octane (DABCO)-catalyzed 
Baylis-Hillman reaction. DABCO was used as a Lewis base in this reaction. The best 
enantioselectivity (44% ee) was obtained when the reaction was performed at 30°C for 7 
days with reactant compositions of benzaldehyde/methyl acrylate/DABCO/CIL (XV-2) = 
1:1:1:1. Also, when the hydroxyl group was replaced by an acetyl group, only 6% ee was 
obtained. Due to this effect, the authors claimed that the presence of the hydroxyl function on 
chiral ILs was essential for the transfer of chirality. They also noted that when using (-)-TV-
methylephedrine as the chiral source, a moderate ee (9%) was obtained (compared with 23% 
ee for the XV-2 CIL with similar reaction conditions). Five other aldehydes instead of 
benzaldehyde were tested under similar conditions as well. Different ee values ranging 
froml% to 30% were observed [26]. In addition to these findings, the authors also pointed 
out that the ILs used as solvents in these reactions can be easily recycled without altering 
their properties. Potentially, this is a big advantage of the CILs. 
More recently, our group proposed the use of ephedrinium-based chiral ILs as the gas 
chromatography (GC) stationary phases for the first time [25]. All capillary columns were 
coated via the static method at 40°C using 0.25% (w/v) (lS,2R)-(+)-N,N-
dimethylephedrinium-bis(trifluoromethanesulfon)imidate, ( 1 R,2S)-(-)-N,N-dimethyl-
ephedrinium-bis(trifluoromethanesulfon)imidate, and (1 S,2S)-(+)-N,N-dimethylpseudo-
ephedrinium-bis(trifluoromethanesulfon)imidate ILs dissolved in dichloromethane. 
Following the coating process, the columns were flushed with dry helium gas overnight and 
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Figure 7.17 Asymmetric Baylis-Hillman reaction in the presence of CIL XV-1, XV-2, XV-3 and XV-4 and their 
acetylated analogues (see Figure 7.10) [18, 26]. 
then conditioned from 40 to 120°C at l°C/min. Column efficiency was tested by naphthalene 
at 100°C. All columns had efficiencies over 2,100 plates/meter. When used as a chiral 
stationary phase for gas chromatography, M-/V-dimethylephedriniumbased ILs showed 
enantioselective retention for at least four general classes of compounds: (1) chiral alcohols 
(including diols), (2) chiral sulfoxides, (3) some chiral epoxides, and (4) acetylated amines. 
A chromatogram showing the separation of chiral alcohols (and one diol) is shown in Figure 
7.18. It was observed that, after several weeks of use, only at temperatures >140°C did the 
dimethylephedrinium-based chiral stationary phase lose enantioselectivity for certain 
compounds (e.g., the alcohols) but not for others (e.g., the chiral sulfoxides), which indicated 
the instability of this class of ILs when used as GC stationary phases. Currently, work is 
underway to find more effective and stable CIL GC stationary phases. 
Figure 7.18 GC chromatogram showing the enantiomeric separation of (from left to right) sec- phenethyl 
alcohol, 1 -phenyl-1 -butanol and trans-1,2-cyclohexanediol. Chromatographic conditions: column - 8m long x 
250pm (i.d.) fused silica capillary coated with (lS,2R)-(+)-N,N-dimethylephedrinium 
bis(trifluoromethanesulfon)imidate. Temp = 120°C, He flow rate = l.Oml/min, split ratio = 100:1, FID [25]. 
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Several of the aforementioned CILs (V, XXXIII, XXXV, XXXVII) were used as chiral 
solvents in the photorearrangement of dibenzobicyclo[2.2.2]octatrienes (Fig. 7.19) [24]. The 
results showed, for the first time, that enantioselective solvation (up to 11.6% ee) could be 
observed for photochemical reactions. Furthermore, only the diacidic compound produced an 
enantiomeric excess (enhanced in the presence of base) [24]. The corresponding diester 
produced no ee (Fig. 7.19) [24]. This indicates that electrostatic interactions greatly enhance 
the enantioselectivity of this reaction. 
COOR 
COOR 
Chiral ILs COOR 
a, R=H 
b, R=CH3 
Figure 7.19 The photoisomerization of dibenzobicyclo[2.2.2Joctatrienes [24]. 
1A. FUTURE OUTLOOK 
Different methods to prepare chiral ionic liquids either from chiral starting materials or 
using asymmetric synthesis have been reviewed. Three examples of the newest applications 
have occurred in two fields: asymmetric synthesis and separation. Their real potential as 
chiral solvents in asymmetric synthesis remains to be exploited. Clearly, future studies in this 
field will be focused on using chiral ionic liquids as chiral solvents in organic reactions to 
achieve not only stereoselectivity but also, most importantly, enantioselectivity. One 
interesting area that must be explored is the use of CIL solvents in combination with chiral 
reagents and/or catalysts to enhance enantiomeric excesses in asymmetric synthesis. In 
separation science, more thermally stable and broadly selective CILs are needed in order to 
make better GC stationary phases. In addition, chiral ionic liquids have the potential to be 
used as mobile phase additives in HPLC and CE. They can also be used with membranes to 
selectively transport organic compounds (maybe even single enantiomers) for high efficiency 
separations. Other potentially important areas where CILs could contribute are as solvents for 
154 
the production of chiral surfaces and nanoparticles. Since micelles have been shown to form 
in ionic liquids [27], chirally enhanced self-assembly of molecules/ordered media has great 
potential. Clearly, the synthesis and use of chiral ionic liquids is in its infancy. It is a field of 
tremendous potential that will expand rapidly in the coming years. 
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chapter 8 
chiral ionic liquids as stationary phases in gas 
chromatography 
A paper published in Analytical Chemistry 5 
Jie Ding, Thomas Welton and Daniel W. Armstrong 
ABSTRACT 
Recently it has been found that room temperature ionic liquids (RTILs) can be used as stable, 
unusual selectivity stationary phases. They show "dual nature" properties, in that they 
separate nonpolar compounds as if they are nonpolar stationary phases and separate polar 
compounds as if they are polar stationary phases. Extending ionic liquids to the realm of 
chiral separations can be done in two ways: (1) a chiral selector can be dissolved in an 
achiral ionic liquid, or (2) the ionic liquid itself can be chiral. There is a single precedent for 
the first approach, but nothing has been reported for the second approach. In this work we 
present the first enantiomeric separations using chiral ionic liquid stationary phases in gas 
chromatography. Compounds that have been separated using these ionic liquid chiral 
selectors include alcohols, diols, sulfoxides, epoxides, and acetylated amines. Because of the 
synthetic nature of these chiral selectors, the configuration of the stereogenic center can be 
controlled and altered for mechanistic studies and reversing enantiomeric retention. 
8.1. INTRODUCTION 
Room-temperature ionic liquids (RTILs) are low-melting (<100 °C) salts which represent 
a new class of nonmolecular, ionic solvents. These solvents possess a number of interesting 
properties, such as negligible vapor pressure, ease of preparation and reuse, and high thermal 
stability. In recent years, considerable attention has been focused on the use of RTILs as 
5 Reprinted from Analytical Chemistry, 2004, 76, 6819-6822. Copyright © 2004 with permission from 
American Chemical Society. 
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alternatives to classical organic solvents. There are many reports concerning the applications 
of ionic liquids (ILs) as excellent solvents for a number of organic reactions, such as Diels-
Alder reactions [1-4], Friedel-Crafts reaction [5, 6], isomerizations [7], and hydrogénation 
[8], Ionic liquids are among the most versatile and complex solvents in terms of their 
interaction/solvation parameters and abilities [9]. There also has been a great deal of interest 
in the application of the ionic liquids as novel biphasic catalysts [10], extraction solvents [11], 
highly selective transport membranes [12], and stationary phases for gas chromatography [13, 
14]. 
The first application of molten salts as gas chromatographic stationary phase was reported 
by Barber et al. [15]. Since the early 1980s, Poole and co-workers have published a series of 
papers on using organic molten salts as GC stationary phases [16-20], Although the initial 
alkylammonium- and alkylphosphonium-based molten salts had been used as GC stationary 
phases, they had limitations, such as relatively narrow liquid ranges, thermal instability, and 
poor wetability toward the surface of fused silica. Later-emerging ionic liquids containing 
alkylimidazolium or alkylpyridinium cations possessed improved properties (wider liquid 
range and better thermal stability) and were more suitable for GC stationary phases. Recently, 
we demonstrated that alkylimidazolium-based ILs can be used as stable, unusual selectivity 
stationary phases [13, 14]. They show "dual nature" properties. They separate nonpolar 
compounds as if they are nonpolar stationary phases and separate polar compounds as if they 
are polar stationary phases. We also introduced the achiral ILs to the realm of chiral 
separations by dissolving the chiral selector (methylated cyclodextrins) in l-butyl-3-
methylimidazolium chloride and 1 -butyl-3-methylimidazolium hexafluorophosphate ILs [21]. 
Although there have been many publications on ionic liquids, only a few examples of 
chiral ILs have been reported so far. Howarth and co-workers described the use of chiral 
imidazolium cation in Diels-Alder reactions [22]; however, the synthesis of these systems 
required an expensive chiral alkylating agent. The use of ILs with chiral anions is somehow 
more obvious, since some of these are readily available as sodium salts. For example, Seddon 
et al. investigated Diels-Alder reactions in lactate-based ILs [4], More recently, Wasserscheid 
and co-workers synthesized three different groups of chiral ionic liquids [23]. They observed 
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the positive diasteriomeric interactions between racemic substrates and chiral ILs by NMR 
spectroscopy. Bao et al. reported the first synthesis of chiral imidazolium ILs derived from 
natural amino acids [24]. Recently, Thanh et al. designed an efficient method for the 
preparation of ephedrinium-based chiral ILs under microwave (MV) activation [25]. They 
also reported the use of these ILs as reaction media in the asymmetric Baylis-Hillman 
reaction between benzaldehyde and methyl acrylate [26]. The experimental results indicated 
that significant enantiomeric excesses were obtained for the first time. The application of 
chiral ILs as stationary phases in chromatography has not been reported to our knowledge. 
In this work, we present the first direct enantiomeric separations of several different 
compounds using chiral IL stationary phases in gas chromatography. Some of the 
mechanistic studies involving enantioselective retention are also discussed. 
8.2. EXPERIMENTAL SECTION 
8.2.1. Materials 
( 15',2i?)-(+)-7V-Methylephedrine, (l/?,25)-(-)-]V-methylephedrine, ( 1 S,2S)-(+)-N-
methylpseudoephedrine, dimethyl sulfate, dichloromethane, N-
lithiotrifluoromethanesulfonimide, and all test solutes were purchased from Aldrich 
(Milwaukee, WI). Dimethyl sulfate is a toxic solution and must be handled with care. 
Untreated fused-silica capillary tubing (250-u.m i.d.) coated with a brown polyimide layer 
was purchased from Supelco (Bellafonte, PA). 
8.2.2. Methods 
The synthesis of (15',2i?)-(+)-Ar,^/-dimethylephedrinium-bis(trifluoromethanesulfon)-
imidate, (li?,2S)-(-)-dimethylephedrinium-bis(trifluoromethanesulfon)imidate, and (1ST,25')-
(+)-Ar,i¥-dimethylpseudoephedrimum-bis(trifluoromethanesulfon)imidate are described 
elsewhere [23]. Briefly, ,/V-methylephedrine was dissolved in dichloromethane, and an 
equimolar amount of dimethyl sulfate was added slowly. The solvent was removed under 
reduced pressure, and the residue was dissolved in water. Addition of an aqueous solution of 
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equimolar AMithiotrifluoromethanesulfonimide led to the separation of an ionic liquid phase, 
which then was washed three times with water. The final product was heated under reduced 
pressure at 100 °C to eliminate the remaining water. The purity of the product was verified 
by NMR and ESI-MS. !H NMR (300 MHz), DMSO-TMS: 5= 1.16 (3H, d,J= 6.4 Hz), 3.22 
(9H, s), 3.65 (1H, dq, J = 6.4 Hz, J= 6.8 Hz), 5.41 (1H, d, J= 6.8 Hz), 6.06 (1H, s), 7.19-
7.31 (5H, m). The observed m/z peaks for the ILs in positive and negative ion modes were 
194 and 280 Da, respectively. 
All capillary columns were coated via the static method at 40 °C using a 0.25% (w/v) of 
the IL stationary phase dissolved in dichloromethane. Following the coating process, the 
columns were flushed with dry helium gas overnight and then conditioned from 40 to 120 °C 
at 1 °C /min. Column efficiency was tested by naphthalene at 100 °C. All columns had 
efficiencies over 2100 plates/m. 
The racemic test compounds were dissolved in dichloromethane. A Hewlett-Packed model 
6890 gas chromatograph and a Hewlett-Packard 6890 series integrator were used for all 
separations. Split injection and flame ionization detection were utilized with injection and 
detection temperatures of 250 °C. Helium was used as the carrier gas with a flow rate of 1.0 
mL/min. 
8.3. RESULTS AND DISCUSSION 
When used as a chiral stationary phase for gas chromatography, NJV-
dimethylephedrinium-based ionic liquids show enantioselective retention for at least four 
general classes of compounds: (1) chiral alcohols (including diols), (2) chiral sulfoxides, (3) 
some chiral epoxides, and (4) acetylated amines. The separation data for several of these 
compounds is given in Table 8.1. A chromatogram showing the separation of chiral alcohols 
(and one diol) is shown in Figure 8.1. 
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Table 8.1 Separation of 14 Compounds on (lS,2R)-(+)-N,N-Dimethylephedrinium-
bis(trifluoromethanesulfon)imidate Columna 
# Compound 
1 Mc-Phcncthyl alcohol 
2 1-Phenyl-1-propanol 
3 i -Phenyl-1 -butanol 
4 oCyclopropylbenzyl alcohol 
5 o-Phenyklhylaminc (TFA 
derivative) 
8-Pinene Oxide 
7 O-Methylphenylmethyl 
sulfoxide 
Structure T(°C) k ,  a  
T 
" _ 120 7.64 1.11 
, 120 10.1 1.11 
120 15.3 1.07 
100 37.4 1.03 
100 84.1 1.02 
100 12.3 1.03 
N>- 140 73.3 1.03 
Compound 
O-Chlorophenylmethyl 
sulfoxide 
g O- Bromophenylmethyl 
sulfoxide 
m-Meihylphenylmethyl 
sulfoxide 
.. m-Chlorophenylmethyl 
sulfoxide 
.. m- Bromophenylmethyl 
sulfoxide 
13 trans-1,2- Cyclohexandiol 
Structure T(°C) k, a 
I 140 35.4 1.02 
140 59.2 1.02 
120 241 1.01 ÇT-
'X,. 
cc 
120 196 1.01 
120 374 1.01 
120 21.4 1.10 
' Column length, 8 m; flow rate, 1 mL/min. 
7.03 
13.20 
18.18 
14.13 19.74 
Figure 8.1 GC chromatogram showing the enantiomeric separation of (from left to right) sec-phenethyl alcohol, 
1-phenyl-1-butanol and trans-1,2-cyclohexanediol. Chromatographic conditions: column = 8m long x 250/um 
(i.d.) fused silica capillary coated with (lS,2R)-(+)-N,N-dimethylephedrinium 
bis(trifluoromethanesulfon)imidate. Temp = 120°C, He flow rate = 1.0 ml/min, split ratio = 100:1, FID. 
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Since the chiral ionic liquids in this study are synthetic in nature, it is possible to produce 
either enantiomer. This means that it should be possible to reverse the enantioselectivity and 
elution order of all enantiomeric compounds that separate on these chiral stationary phases. 
Furthermore, these chiral selectors have two stereogenic centers. Consequently, it is also 
possible to make diasteromeric versions of this ionic liquid. As will be shown (vide infra), 
this could have important consequences for mechanistic and chiral recognition studies. Three 
versions of a basic chiral ionic liquid in which only the stereochemistry differed were 
synthesized. They are ( 15,2J?)-(+)-7V,Ar-dimethylephedrinium-bis(trifluoromethanesulfon)-
imidate, (li?,2»S)-(-)-iV,A^-dimethylephedrinium-bis(trifluoromethanesulfon)imidate, and 
( 15,25)-(+)-A^,7V-dimethylpesudoephedrinium-bis(trifluoromethanesulfon)imidate. The 
structure of the first of these cations is shown in Figure 8.2. Typical analyte retention orders 
for these different isomeric ionic liquids are given in Table 8.2. As expected, the 
enantiomeric elution order is reversed for all analytes when they are chromatographed on the 
(IS,2R)- versus the (li?,2S)-Af,Af-dimethylephedrinium-bis(trifluoromethanesulfon)imidate. 
Also interesting is the fact that the ( 1 S,2S) ionic liquid chiral stationary phase (CSP) cannot 
separate the chiral alcohols, but does separate the chiral sulfoxides in the same manner as the 
(]S,2R) ionic liquid CSP. It appears that the separation of some chiral analytes is sensitive to 
the configuration of both stereogenic centers of the chiral selector, but the separation of other 
analytes is predominantly controlled by the configuration of one of the CSP's stereogenic 
centers. 
OH OH CH, 
I I CH s N+ 
' i "CH' | 
I CHs 
Figure 8.2 Structure of (lS,2R)-(+)-N,N-dimethylephedrinium ion, its achiral dehydration product and racemic 
nature upon addition of water. 
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Table 8.2 Elution order for selected compounds on different chiral ionic liquid stationary phases. 
(is,2ax+)-#,#-
dimethylephedrinium-
bis(trifluoromethanesulf 
on)imidate 
dimethylephedrinium-
bis(trifluoromethanesulf 
on)imidate 
(lS,2SH+)-AV^ 
dimethylephedrinium-
bis(trifluoromethanesulf 
on)imidate 
CH3 (S),(R) (R), (S) Not separated 
OH 
H, 
cvc-« (S), (R) (R),(S) Not separated 
o 
ll 
-S, 
'CHa 
CH, (R),(S) (S),(R) 
13 
,>xx *PH 
(1R, 2S), (1S,2R) (IS, 2R), (1R, 2S) 
"OH 
Not separated 
It was observed that after several weeks of use, only at temperatures >140 °C, that the 
dimethylephedrinium-based chiral stationary phase lost enantioselectivity for certain 
compounds (e.g., the alcohols), but not for others (e.g., the chiral sulfoxides). As previously 
stated, the Ar,Ar-dimethylephedrinium cation contains two stereogenic centers (Figure 8.2). 
The dehydration reaction of Figure 8.2 produces the achiral conjugated alkene, which upon 
addition of water would produce the fully racemic product. To explore the thermal stability 
of the chiral ILs, (15,2i?)-(+)-A^,Ar-dimethylephedrinium-bis(trifluoromethanesulfon)imidate 
was placed in a sealed vial at 140 °C for 4 days. Figure 8.3 shows the mass spectrum of the 
final product. The dehydration product was observed (mlz =176 Da). The optical rotation of 
the chiral IL also changed from +21.2° to +6.6° upon heating under the aforementioned 
observed {mlz = 176 Da). The optical rotation of the chiral IL also changed from +21.2° to 
+6.6° upon heating under the aforementioned conditions. However, neither the alkene nor the 
racemic ionic liquid of Figure 8.2 would be expected to separate any enantiomeric analytes. 
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n Jl 
208.1 
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m/z 
Figure 8.3 Mass spectrum of (lS,2R)-(+)-N,N-dimethylephedrinium bis(trifluoromethanesulfon)imidate IL after 
heating at 140 °Cfor 4 days. The m/z = 194 Da is the (lS,2R)-(+)-N,N-dimethylephedrinium ion, and the m/z = 
176 Da is the dehydration product ion as shown in Figure 8.2. 
Thus, it can be concluded either that complete racemization of the IL stationary phases does 
not occur under the GC conditions studied in these experiments or that a thermally induced 
epimerization of the chiral ionic liquids also can take place at temperatures >140 °C. These 
results and the data in Table 8.2 indicate that chiral recognition and enantiomeric separation 
of the sulfoxide analytes require a fixed configuration of the ionic liquid's first stereogenic 
center, but not the second. However, the enantioselective separation of chiral alcohols on this 
CSP requires not only that the stereochemistry of both stereogenic centers be fixed, but also 
that they have the opposite (R,S or S,R) absolute configuration. Thus, it appears that the 
stereochemical^ fixed hydroxyl group on these ionic liquid CSPs is necessary for the 
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enantioseparation of all chiral compounds in Table 8.1, but is not sufficient for the 
enantiomeric separation of the chiral alcohols, epoxide, and acetylated amine. 
8.4. CONCLUSIONS 
Chiral ionic liquids were shown for the first time to be effective chiral stationary phases in 
gas chromatography. The fact that they are synthetic allows one to produce CSPs of the 
opposite stereochemistry, which can reverse the enantiomeric elution order of all analytes 
that are separable. This cannot be done on a routine basis with the popular cyclodextrin-
based GC-CSPs, since cyclodextrins are natural products, and their enantiomers do not exist. 
The AyV-dimethylephedrinium-based CSPs have two stereogenic centers, and their absolute 
configuration can be altered. In addition, racemic and diastereomeric versions of this CSP 
can be produced. By varying the stereochemistry of the chiral selector in a controlled fashion 
and examining its effect on enantioselectivity, the factors or functional groups that affect 
chiral recognition can be pinpointed and evaluated. This type of direct evaluation of the 
effect of the configuration of each stereogenic center cannot be done easily with other chiral 
selectors commonly used in GC, LC, or CE. ^TV-dimethylephedrinium-based CSPs are 
particularly effective in separating enantiomers of alcohols, diols, sulfoxides, and some N-
blocked amines and epoxides. 
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chapter 9 
use of chiral ionic liquids as solvents for the 
enantioselective photoisomerization of 
dibenzobicyclo[2.2.2]octatrienes 
A paper published in Organic Letters5 
Jie Ding, Vasumathi Desikan, Xinxin Han, Tom L. Xiao, Rongfang Ding, William S. Jenks 
and Daniel W. Armstrong* 
Six chiral ionic liquids were prepared and evaluated as "chiral induction solvents" in which 
two different dibenzobicyclo[2.2.2]octatrienes were photoisomerized to chiral products. 
Enantiomeric excesses from 3 to 12% were obtained from the photochemical di-^-methane 
rearrangement. Results indicate that the chiral induction derives from an ion pairing 
interaction of the deprotonated diacids with the ionic liquid cation. This is the first report on 
chiral induction via a chiral IL for an irreversible, unimolecular photochemical 
isomerization. 
6 Reprinted from Organic Letters, 2005, 7, 335-337. Copyright © 2005 with permission from American 
Chemical Society. 
ABSTRACT 
CO,R 
Chiral 
Ionic Liquid 
Ionic Liquid: N+(CH3)3 e.e. = 12% 
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TEXT 
The use of chiral solvents as the sole inducer of enantiomeric excess in organic reactions 
is a strategy that has been investigated previously, and the results have largely pointed out the 
disadvantages of this approach. Publications in the 1970s reported products of low ee (often 
<2%), with a single higher value of 9.8% ee [1]. Furthermore, the high cost of optically 
resolved chiral solvents prevented their wide practical uses. 
An attractive alternative to such solvents may be room temperature ionic liquids (ILs). 
Room temperature ILs are nonvolatile, nonflammable, nonmolecular materials that are 
widely accepted as alternatives to conventional organic solvents in many areas of organic [2], 
organometallic [2, 3], and enzymatic syntheses [3c, 4] as well as in analytical applications [5], 
Chiral ionic liquids are particularly attractive due to their potential for chiral discrimination, 
as in asymmetric synthesis and optical resolution of racemates. Because of their ionic 
properties, an obvious potential exists for solvent-solute interaction that may provide a 
mechanism for substantial improvement over conventional chiral solvents. Other advantages 
of using water-immiscible chiral ILs as solvents include the following: (1) the chiral ILs are 
easily and inexpensively made and can be recycled practically; (2) opposite enantiomers of 
the ILs can be produced in order to enantioselectively create the desired enantiomer in excess; 
(3) it is easy to remove the chiral ILs from the final reaction mixture so that no interference is 
incurred. As a result, the analyses are simple and accurate. 
A recent publication has documented the potential utility of chiral ILs as media for 
inducing enantiomeric excess in the products of a thermal reaction. Using ephedrinium-based 
ILs, Pégot et al. [6] report up to 44% ee for the Baylis-Hillman coupling of an aldehyde and 
acrylate [7], Here, we report the use of chiral ILs for the induction of significant optical 
activity in the products of an irreversible, unimolecular photochemical isomerization, the di-n 
-methane rearrangement of dibenzobicyclo[2.2.2]octatrienes (Scheme 9.1). These 
distinctions are worth noting in that the chiral induction is kinetically driven in a reaction that 
occurs with an activation barrier already known to be low because of its photochemical 
nature. 
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hv 
R02C CO2R 
2 
a: R = CH(CH3)2 
b: R = CH3 
c: R = H 
Scheme 9.1 Photoisomerization of Dibenzobicyclo[2.2.2]octatrienes 
The photochemical isomerization of compounds in the dibenzo[2.2.2]bicyclooctene 
family was first reported by Ciganek in 1966 [8]. A remarkable example of chiral induction 
came twenty years later, when, in 1986, Evans et al. demonstrated the transformation of 
diester la to 2a in 100% ee by means of taking advantage of the chiral space group (P2\2\2\) 
into which la crystallizes and using it as the reaction medium [9]. No ee was obtained using 
either racemic crystals (space group Pcba) or achiral solutions. 
The number of reactions that may be carried out in the solid state on a practical basis, 
however, is limited, compared to solution, and, hence, ionic liquids. Chiral ILs (+)-3, (-)-3, 
(+)-4, (-)-4, 5, and 6 were derived from commercially available optically resolved materials 
[10]. Their preparations are shown in Scheme 9.2. 
HO ^ l)(CH,):SO, 
<^N(CH3)2 2) LiNTfi , 
Ph /4-\ zxr- CJl 
HOY^ N(CH3)3 Tf2N" 
Ph r+im/.u (+) or (-) 3 / 
1) /V-methylimidazole 
2) UNTf/ f 
(H3CW" X CN ÔH cr 
LiNTf2 (H3C)3y CN Tf2N" 
ÔH 
5 
• 1) UHLL 
X 2) LiNTf2 
O CCHO, CH20, HC1 
Ph NH; PI H^Ph 
Tf2K 
Scheme 9.2 Preparation of Chiral ILs 3-6 
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Initial irradiations of diester lb and diacid le in chiral ionic liquids 3-6 led to the 
formation of racemic photoproduct 2b for the diester and nonracemic 2c for the diacid [11]. 
We interpret this difference in observed ee between products 2b and 2c as resulting from the 
ability of lc to form ion pairs with the solvent and thus have a stronger interaction with the 
chiral discriminator. Since enantioselectivity was only observed for photolysis of lc, the later 
optimization runs focused exclusively on this compound. The results are given in Table 9.1 
[12]. Entries 2 and 7 were checked at 8 different conversions ranging from 5% to 100%; the 
enantioselectivity was constant throughout. 
Table 9.1 Enantiomeric Excess of 2c Achieved on Photolysis oflc in 2 mL of IL 
IL additive time (min), 
conversion" yield' 
e.e.' 
(%) 
1 
-
60,60% 93% 0 
2 300 mg (+)-jV-methylephedrine 30,65% 95% -7.0 
3 (+)-3 300 mg (-)-Af-methylephedrine 30,65% 91% -7.3 
4 200 nL MAf-dimethylbenzylamine 120,96% 97% -4.2 
5 Few drops ofNaOH (2M) solution 60,100% 78% -2.3 
6 
-
70,70% 93% 0 
7 300 mg (-)-JV-methylephedrine 15,30% 93% 6.9 
8 (-)-3 300 mg (+)-iV-methylephedrme 15,30% 87% 8.0 
9 200 nL N,N-dimethylbenzylamine 90,72% 94% 4.3 
10 Saturated NaOHd 52,42% 93% 11.6 
11 
-
75,100% 77% 5.8 
12 (+)-4 100 \iL TV, W-dimethylbenzylamine 75,100% 67% 6.8 
13 
-
65,90% 68% -6.4 
14 (-)-4 100 nL MAf-dimethylbenzylamine 65,90% 60% -6.5 
15 
-
70,80% 85% 0 
16 100 nL M jV-dimethylbenzylamine 120,62% 87% -4.1 
17 
-
65,95% 95% 0 
18 100 (iL MW-dimethylbenzylamine 65,70% 86% 3.3 
a> Photolysis time is given to indicate relative efficiency. Relative to consumed lc. c> The sign of the e.e refers 
to the sign of the optical rotation at 430 nm. d> Stirred over a saturated aqueous solution ofNaOH before use. 
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Photolyses in both enantiomers of 3 were carried out at room temperature and 0°C. Only 
slightly higher (about 1%) enantioselect!vities were observed at the lower temperature. No 
difference in ee was observed for initial concentrations of lc of 1 and 10 mM. 
Finally, different bases, both chiral and nonchiral, were explored as additives. Although 
no ee is achieved on photolysis of lc in either enantiomer of 3 alone, modest 
enantioselectivity was achieved on the addition of any of three basic compounds. 
Comparison of either entries 2 and 3 or 7 and 8 shows that the greatest part of the chiral 
discrimination comes from the IL solvent, not the amine base. This is again consistent with 
the hypothesis that ion pairing is key to the interaction, i.e., that the main effect of the basic 
additive is to deprotonate the acid and allow ion pairing with the IL cation. However, the 
results also imply that the identity of the additive base is not entirely without consequence 
and there may be more complex interactions at play. Control experiments were carried out in 
acetone, benzene, and the achiral IL 1 -butyl-3 -methylimidazolium chloride. Addition of N-
methylephedrine to any of these solvents for photolyses of lc did not result in observable 
product enantioselectivity. 
One mechanistic hypothesis for the role of the amine bases can be addressed definitively. 
The fact that ee is achieved with hydroxide as a base in 3 strongly implies that the role of the 
amine bases-though they are in large excess-is not to act as an electron donor. 
Enantioselectivity was observed for photolyses of lc in IL 4 without a need for addition of 
an external base. Addition of A^-dimethylbenzylamine exhibited only a marginal effect. 
This suggests that, in this IL, the acid is already largely dissociated even in the absence of 
base. The ILs 5 and 6 both required basic additives to achieve any selectivity. 
In summary, several chiral ILs have been successfully used as chiral solvents in the 
photoisomerization of dibenzobicyclo[2.2.2]octatriene diacid lc to induce enantiomeric 
excesses. The observed enantioselectivities, though modest in an absolute sense, are among 
the highest achieved for unimolecular photochemical reactions by use of a chiral 
environment. Further optimization of related photochemical reactions and other unimolecular 
and bimolecular chemistry is underway. 
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APPENDIX FOR CHAPTER 9 
SYNTHESIS AND CHARACTERIZATION OF CHIRAL IONIC LIQUIDS, AND 
PHOTOISOMERIZATION OF DIBENZOBICYCLO[2.2.2]OCTATRIENES 
Materials 
The preparation of lb and lc followed the method of Diels and Alder [1]. The synthesis 
of the enantiomers of ionic liquid 3 is also described elsewhere [2]. 
Ionic liquid 4\ Each enantiomer was prepared separately from the corresponding 
commercially available (+) or (-) chloromethyl menthyl ether. The (+) ether (5.0 g, 24.4 
mmol)) was added dropwise over 30 min to a solution of 1 -methylimidazole (2.0 g, 24.4 
mmol) in 300 mL 1,1,1 -trichloroethane in a flask equipped with a stirrer and reflux 
condenser. The mixture was stirred for an additional 0.5 h and then evaporated to dryness. 
The resultant white powder was dissolved in 100 mL water. Addition of an aqueous solution 
of N-1 ithiotrifluoromethanesulfonimide (7.0 g, 24.4 mmol) led to the separation of an ionic 
liquid phase, which then was washed three times with 15 mL portions of water. The final 
product was heated under reduced pressure at 100 °C to eliminate the remaining water: yield 
11.7 g, 90%; !H-NMR (300 MHz, DMSO-cM) Ô 9.32 (s, 1H), 7.91 (t, J= 1.8 Hz, 1H), 7.75 (t, 
J= 1.8 Hz, 1H), 5.58 (AB, JAB = 10.8 Hz, Av = 8.1 Hz, 2H), 3.89 (s, 3H), 3.24 (dt, J/ = 10.5 
Hz, J2 = 4.2 Hz, 1H), 2.10-2.01 (m, 1H), 1.94-1.84 (m, 1H), 1.63-1.54 (m, 2H), 1.45-1.28 (m, 
1H), 1.20-1.08 (m, 1H), 0.95-0.74 (m, 3H), 0.90 (d, J= 6.6 Hz, 3H), 0.80 (d,J= 7.2 Hz, 3H), 
0.40 (d, J= 6.9 Hz, 3H). The specific rotation ([a]) was determined at 20°C using the D line 
of sodium. The measured values for (+)-IL 4 and (-)-IL 4 were 54.6° and -54.6°, 
respectively. MS peaks at m/z 251 and 280 were observed in positive and negative ion 
modes, respectively. 
Ionic liquid 5: An aqueous solution of 7V-lithiotrifluoromethanesulfonimide (7.7 g, 26.8 
mmol) was added to an aqueous solution of D(+)-carnitinenitrile chloride (4.8 g, 26.8 mmol). 
The ionic liquid layer was washed three times with 15 mL portions of water. The remaining 
water was then removed under high vacuum at 100°C: yield 10.6 g, 85%; 'H NMR (300 
177 
MHz, DMSO-c/6) 8 6.15 (d, J= 5.1 Hz, 1H), 4.48-4.35 (m, 1H), 3.40-3.37 (m, 2H), 3.13 (s, 
9H), 2.76 (dd, J, = 16.8 Hz, J2 = 4.8 Hz, 1H), 2.69 (dd, J; = 16.8 Hz, J2 = 6.0 Hz, 1H). The 
specific rotation of IL-5 is 12.9°. MS peaks at m/z 143 and 280 were observed in positive 
and negative ion modes, respectively. 
Ionic liquid 6: The first step to make IL 6 has been reported previously [3]. After getting the 
chloride salt, an ion metathesis reaction using AMithiotrifluoromcthanesulfonimide as 
described previously was followed at a 1:1 ratio to produce the final ionic liquid. Overall 
yield 30%; !H NMR (300 MHz, CDC13) 8 8.99 (s, 1H), 7.44 - 7.32 (m, 10H), 7.15 - 7.14 (m, 
2H), 5.72 (q, J= 6.9 Hz, 2H), 1.95 (d, J = 6.9 Hz, 6H). The specific rotation of IL-6 is 5.8°. 
MS peaks at m/z 277 and 280 were observed in positive and negative ion modes, 
respectively. 
Photolyses 
For each entry in the Table 9.1, diacid lc (5.8 mg, 20 mmol) was dissolved in 2 mL of the 
respective IL in a 3 mL quartz cuvette. After purging with argon for 10 min, the photolysis 
was carried out in a Rayonet reactor with four 300 nm broadly emitting UV lamps. Product 
formation was followed by NMR. 
To quantify yields, HPLC with UV detection was used. Standard absorption curves were 
constructed from isolated products obtained from preparative HPLC isolations. Enantiomers 
could be separated using a Cyclobond AC column (250 x 4.6 mm, 5 jam particle size, Astec), 
and routine detection was done using UV absorption at 220 nm. The mobile phase was 30:70 
(v:v) methanol : 0.2% TEA + 0.1% H3PO4 aqueous solution at a flow rate of 1.0 mL/min. 
The optical rotation of the product enantiomers was established at Astec by use of a 
Chiralyzer™ LC polarimetric detector with a similar mobile phase mixture and identical 
column. The first-eluting enantiomer has a positive optical rotation at 430nm. 
Secondary photolysis of 2c was not significant until very high conversions (about 90% or 
greater). Secondary photolysis of 2b was more significant at lower conversions; new 
products were observed at conversions of approximately 50% and greater. No effort was 
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made to identify the secondary photolysis products, and the analysis of enantiomeric excess 
was limited to 2b and 2c. 
Spectra for 4. 
O H l/) n O OM/l <1 O Ol (S « O -î CD f-« H Ol H lû M in ffl M *£• Ol r( fi O ® O ( N d i ( D i o ^ f n M O , i ' f n o o \ H O O c r i f O [ - - m n m H O i i M 7 H O v D ^ f o m f f l r - i n ^ r |  
u 3 t n i D i r i C O r o < N C N M f ) N r i i . n i n m ^ ^ o o a i a i c r > a i c o © a ) c o c o a ) ^ i n i / i i r i i r i i /  
i 
Jl It 
II ill I 
AVJVvàJ I IL 
9.5 9.0 8.5 6.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 
I I 
PP 
IWi fr C-poSftf^ 
% Ton 
c£C% w 
782.4 
: 783.3 
RMMAbuntoca 
en 
9.0 
m th 
P o 
N tn 
o 
9* <n 
M7> P> o 
<n <n 
S" o 
* 0.94 w 
f" o 
Ct> In 
9^0% w 
o 
1.95% h> en 
o 
î 
<A 
2, 
C , 
CO 
"O 
1 §• 
Ol 
o <D 
180 
Spectra for 6. 
I L. I I l
. I 
rr ' '' V 
1 I 
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 PP 
283.1 [307.9 368.» MOT 41» a 444.» 4*34 
181 
References 
(1) Diels, O.; Alder, K. Justus Liebigs Ann. Chem. 1931, 486, 191-202. 
(2) Wasserscheid, P.; Bôsmann, A.; Bolm, C. Chem. Commun. 2002, 200-201. 
(3) Herrmann, W. A.; Goossen, L. J.; Kocher, C.; Artus, G. R. Angew. Chem., Int. Ed. Engl. 
1996, 35, 2805-2807. 
182 
chapter 10 
general conclusions 
The first part of this dissertation demonstrates the power of direct enantioselective gas and 
liquid chromatography by utilizing chiral stationary phases. The GC separation of 17 chiral 
sulfoxides and 8 chiral sulfonate esters using four derivatized cyclodextrin based stationary 
phases (Chiraldex B-DM, G-PN, G-BP, and G-TA) showed that the G-PN and G-BP chiral 
stationary phases had similar selectivities and resolutions for nearly all of the racemic 
analytes examined in this study. However, the G-TA chiral stationary phase provided 
superior enantioselectivity for most sulfoxides and sulfinate esters. Chiral sulfinate esters 
were best separated using the B-DM chiral stationary phase. Interestingly, increased rigidity 
near the chiral center decreased enantioselectivity in the y-cyclodextrin-based chiral 
stationary phases, but slightly increased enantioselectivity in the B-DM chiral stationary 
phase. Also, the reversal of enantiomer elution order appears to be a function of both the size 
of the cyclodextrin and the nature of the derivatizing groups. The G-TA and B-DM chiral 
stationary phases usually gave the opposite elution order for these racemic analytes. 
The normal phase LC separation of 15 racemic compounds with a safe and 
environmentally friendly solvent (ethoxynonafluorobutane) using two glycopeptide chiral 
stationary phases and a new polymeric chiral stationary phase showed that ENFB was a 
viable alternative to classic normal-phase solvents for normal-phase enantiomeric 
separations. ENFB substituted mobile phases provided comparable selectivities for all the 
compounds tested, although resolutions and peak efficiencies were somewhat lower than 
those found with a comparable heptane containing mobile phase. APCI-MS appears to be a 
more suitable detection method than ESI-MS for most of the small analytes in this study, 
because of better ionization efficiencies which lead to better sensitivities. The limits of 
detection and sensitivities for ENFB containing mobile phases with APCI-MS detected 
compounds were either comparable to or better than those of heptane containing mobile 
phases with UV detection. The miscibility of ENFB with most common organic solvents (i.e. 
methanol, ethanol, isopropanol) made it suitable for method development. Ethanol was 
183 
found to provide better selectivities than methanol and better efficiencies than IP A mobile 
phase modifiers. Additionally, methanol and ethanol afforded better sensitivities for APCI-
MS than IP A did when used as an organic modifier. The amount of modifier in mobile phase 
greatly changes the MS sensitivity. 
The second part of this dissertation describes fundamental research focusing on the study 
of basic properties of popular achiral ionic liquids in order to understand the different solvent 
characteristic of various ionic liquids. The inverse-gas chromatography method allowed for 
the determination of the ionic liquid's ability to interact via non-bonding and ^-electron 
interactions, dipolar interactions, dispersive interactions, hydrogen bond basicity, and 
hydrogen bond acidity interactions. It was found that the RTIL anion had the greatest effect 
on the overall hydrogen bond basicity and, in combination with certain cations, can affect the 
ability of the RTIL to interact via nonbonding and rc-electron interactions. The cation, 
however, was found to influence the nonbonding and ^-electron interactions when it contains 
an aromatic ^-system with attached functional groups that are capable of donating electrons 
inductively to the ^-system. The combination of the cation and anion provides dispersion 
interactions that are relatively constant for all the RTILs examined in this study. 
Also it was found that this linear free energy approach can be used to predict the 
effectiveness of an ionic liquid as a matrix in matrix-assisted laser desorption/ionization 
(MALDI) mass spectrometry. For two of the most effective ionic liquid-based MALDI 
matrices, it was found that the hydrogen-bond acidity and non-bonding, ^-electron solvation 
interactions were much higher than for conventional ionic liquids (which failed to provide 
signals when used as MALDI matrices). These two solvation interactions are crucial for the 
success of a MALDI matrix. Specifically, the matrix must absorb UV laser light (i.e., must 
possess a chromophore, therefore having either a non-bonding and/or ^-electron system) and 
also must be capable of transferring a proton to the analyte molecule to form the intact gas 
phase ion (i.e., act as a hydrogen bond acid). 
By using the modified van't Hoff equation, gas chromatography was used to investigate 
enthalpies and entropies of solvation to further investigate ionic liquid-alkane interactions. It 
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was observed that for longer chain hydrocarbons, a decrease (i.e., more negative) in enthalpy 
and entropy was observed (suggesting the solvation event is an exothermic process and leads 
to a more ordered micro-system). A simple thermodynamic model was formulated using the 
ordering of the ionic liquid solvent as pairs of ions along the extended hydrocarbon in a 
manner similar to that which occurs in an aqueous solution of nonelectrolytes. The dielectric 
constant and interionic distance were approximated to be 13.5 and 0.25 nm, respectively, 
based on the experimentally determined enthalpy and the theoretical expression for solvation 
energy. In addition, it was observed that there is little difference in the solubilization 
behavior (in terms of enthalpies and entropies of solvation) for the six ionic liquids examined 
in this study. 
The third part of this dissertation illustrates the synthesis and applications of chiral ionic 
liquids. Various different methods were utilized to make chiral ionic liquids either from 
chiral starting materials or using asymmetric synthesis. Two examples of the applications 
involve two fields: separation and asymmetric synthesis. When they were coated as chiral 
stationary phases in gas-liquid chromatography, chiral ionic liquids were proved to be 
effective chiral stationary phases. The TV^-dimethylephedrinium-based CSPs are 
particularly effective in separating enantiomers of alcohols, diols, sulfoxides, and some N-
blocked amines and epoxides. In addition, the fact that they are synthetic allows one to 
produce CSPs of the opposite stereochemistry, which can reverse the enantiomeric elution 
order of all analytes that are separable. By varying the stereochemistry of the chiral selector 
in a controlled fashion and examining its effect on enantioselectivity, the factors or functional 
groups that affect chiral recognition can be pinpointed and evaluated. This type of direct 
evaluation of the effect of the configuration of each stereogenic center cannot be done easily 
with other chiral selectors commonly used in GC, LC, or CE. 
Six chiral ionic liquids were prepared and evaluated as "chiral induction solvents" in 
which two different dibenzobicyclo[2.2.2]octatrienes were photoisomerized to chiral 
products. Enantiomeric excesses from 3 to 12% were obtained from the photochemical di-7i-
methane rearrangement. Results indicate that the chiral induction derives from an ion pairing 
interaction of the deprotonated diacids with the ionic liquid cation. The observed 
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enantioselectivities, though modest in an absolute sense, are among the highest achieved for 
unimolecular photochemical reactions by use of a chiral environment. 
Clearly, future studies of chiral ionic liquids will be focused on preparation of new chiral 
ionic liquids and using them as chiral solvents in organic reactions to achieve not only 
stereoselectivity but also, most importantly, enantioselectivity. In separation science, more 
thermally stable and broadly selective chiral ionic liquids are needed in order to make better 
GC stationary phases. Moreover, chiral ionic liquids have the potential to be used as mobile 
phase additives in HPLC and CE, as well. 
Finally, I hope my thesis can be used as a contribution for enantiomeric separations and 
ionic liquids, especially chiral ionic liquids. 
